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Abstract

The overtone gain of a small-scale HF laser was measured using a sub-Doppler
tunable diode laser system. Two-dimensional spatially resolved small signal gain and
temperature maps were generated, which show a highly inhomogeneous gain medium
indicating the dominant role that mixing of the fuel and oxidizer streams has in HF laser
performance. The measured gain and temperature data were analyzed with the aid of a
two-dimensional computational fluid dynamics code. To reduce uncertainty of important
modeling input parameters, novel measurements of reactant concentration, flow velocity
and gain length were made. Results show that reactant mixing mechanisms such as
turbulence and large-scale vortex structures have alarge effect on the gain averaged over
avertical profile while kinetic rate mechanisms such as reaction rate constants and
reactant concentration have a greater effect on the maximum system gain. Overtone gain
data measured while operating the laser saturated on the fundamental transitions are
compared with fundamental lasing output spectra. In all cases, the data are consistent

with an equilibrium rotational distribution.
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Chapter 1

Introduction

The hydrogen fluoride (HF) laser and its cousin the deuterium fluoride (DF) laser are
chemical lasers that have significant potential for use in many applications (Kiernan
2001; Smith and Wall 2000; Wollmann 2003). The hydrogen fluoride laser, which was
invented over 35 years ago, continues to be investigated because of its ability to generate
high power laser beams with relatively high chemical conversion efficiency. However,
despite enormous efforts expended to fully characterize the HF laser, questions regarding
its performance relative to theoretical predictions and fundamental properties such as
small signal gain and reactant mixing remain. In genera, thisis because the bulk of the
experimental work in the last 10-15 years has gone into technological and engineering
development. The goal of this research is to gain a better understanding of the physical
mechanisms that dominate the performance of HF laser systems. In order to achieve this
goal, an advanced tunable diode laser diagnostic system was used to probe the cavity of
an active HF laser to measure small signal gain of the HF overtone transitions, static flow
temperature, and flow velocity. The analysis of this data in conjunction with a two-
dimensional computational fluid dynamics code has provided insight into the complex
fluid mechanics and chemical kinetics of the HF laser. This research represents the first

ever sub-Doppler small signal gain measurements in an active HF |aser.



1.1 History of HF Lasers

The first demonstrations of the fundamental HF chemical laser were reported in
the late 1960's. While the first HF lasers were pulse initiated (Basov et al. 1969;
Batovskii et a. 1969; Deutsch 1967; Gross et al. 1968; Kompa and Pimentel 1967; Parker
and Pimentel 1968), continuous wave HF lasers were also demonstrated as early as 1970
(Airey and McKay 1969; Gross et al. 1969; Spencer et al. 1969). Over the past 35 years,
the development of HF laser technology has advanced to the point where multi-megawatt
lasers can be constructed (Hecht 1993). It iswidely recognized that the fundamental HF
laser, which operates at a wavelength from 2.7 — 3.0 um, has limited utility for low-
altitude, long-range propagation applications due to strong absorptions in the atmosphere.
This limitation can be overcome by operating on HF overtone transitions, from 1.25 —
1.35 nm. The first demonstrations of HF overtone lasing were reported by Hon and
Novak (1975) and Bashkin et al (1977). The overal power efficiency (i.e.,
Prundamental/Povertone) Of these demonstrations was rather poor, most likely due to less than
ideal optics. A scalable HF overtone laser, built by Jeffersin 1984, possessed
significantly enhanced efficiency with 20-30% of the fundamental power extracted on the
overtone (Jeffers 1988). The use of HF combustion technology coupled with improved
mirrors led to demonstrations of multi-kW HF overtone lasers during the mid- to late-
1980's (Duncan et al. 1989; 1991; 1990). Further development of HF overtone
technology has been limited by the availability of optical coatings for the mirrors. Asthe
technology to manufacture these coatings, which must ssmultaneously suppress
fundamental lasing and enable overtone lasing, has improved, so have the prospects for

developing high power HF overtone lasers.



1.2 HF Laser Basics

A chemical laser is defined by the “Handbook of Chemical Lasers’ as a laser
operating on a population inversion produced--directly or indirectly--in the course of an
exothermic chemical reaction (Pimentel and Kompa 1976). To produce a laser with high
power requires a chemical reaction with alarge energy release in which alarge portion of
that energy is channeled into excited states of the reaction products. The reaction of
atomic fluorine with hydrogen is such areaction. This reaction produces 14.7 kJ/g of
fluorine with approximately 60% of the energy going into excited vibrational states of the
hydrogen fluoride (HF) molecule making it relatively easy to create the population
inversions required for lasing (Cohen and Bott 1976). Thisiswhy much attention was
given to HF in the early development of chemical lasers.

There are two basic types of HF lasers: combustor-driven and electric discharge
driven. The main difference between these systems is the method of molecular fluorine
dissociation. In a combustor-driven HF laser, the combustion of deuterium (D, + F,) is
used to produce the thermal energy required to dissociate excess molecular fluorine
supplied to the combustion chamber. Hydrogen can also be used in the combustion
chamber to dissociate the F,. However, the byproduct of this reaction, ground state HF,
has been shown to be an efficient deactivator of the excited state HF in the laser cavity.
In contrast, the byproduct of D, + F», has been shown to have little effect on laser cavity
kinetics. Alternatively, F atoms can aso be produced by direct electric dischargein a
discharge tube. This processis relatively inefficient requiring very large power supplies
to produce modest F atom flow rates. Asaresult, electric discharge driven lasers have

inherently low power. They are, however, quite smple to operate and have proven very



useful in the investigation of basic chemical kinetics of chemical lasers. In either type of
laser, the F atoms are accelerated through a nozzle, typically to supersonic speeds, where
a secondary stream of hydrogen (H>) is injected into the flow. The primary reaction of
the oxidizer (F) with the fuel (H2) produces hydrogen fluoride (HF) molecules in the first
three excited vibrational states. Lasing occurs on the radiation emitted from molecular
transitions between the vibrational energy levels.

Excited state HF can be deactivated by collisions with other species inside the
laser cavity at rates nearly as fast as the pumping mechanism that produces the excited
state. Thisiswhy the fuel and oxidizer are kept separate until they reach the optical
cavity inlet where the mixing of the two streams initiates the pumping. The efficiency of
the laser system therefore depends heavily on the rate of mixing. Herein lies the main
conflict in the design of HF laser systems. Creating an environment where the pumping
mechanism dominates over the deactivation mechanism isin direct opposition to creating
a healthy mixing environment. The chemical kinetics requires the flow to be at a very
high velocity and low pressure. This tends to drastically reduce the Reynolds number
resulting in laminar flow and very long mixing lengths. HF system designers have
traditionally attempted to overcome this conflict by injecting 2 to 5 times the
stoichiometric requirement of Hy. This gives diffusional mixing mechanisms more
opportunities to bring the reactants in contact. Despite efforts such as this, these systems
still can only achieve between 25 and 50% of the theoretical maximum (completely

mixed) power outpuit.



1.3 PreviousInvestigations

A major impediment to HF overtone laser development has been the lack of high
fidelity small signal gain data. Small signal gain is the fundamental property of the laser
flow field that determines the amplification of coherent radiation as it traverses the laser
cavity. Previous investigations have used commercially available arc-driven HF lasers as
probes to measure the small signal gain. These types of probe lasers are typically
stabilized and locked to the line center of a HF overtone transition but have proven
difficult and expensive to operate resulting in large uncertainty for this type of
measurement. Alternatively, Rigrod theory, which relates the small signa gain to the
output laser power, has been used in lieu of a direct gain probe (Rigrod 1965). However,
this technique cannot generate spatially resolved gain or temperature maps, which are
strongly needed since the rate of mixing can dominate HF laser efficiency. Furthermore,
Rigrod theory cannot be used to measure gain on individua ro-vibrational lines because
the measured small signal gain is only associated with the strongest line in the multi-line
overtone spectrum.

The difficulty in measuring the small signal gain in previous work has been
further complicated by the uncertainty in the gain length. In single nozzle experiments,
this uncertainty is due to expansion of the gain medium as it flows downstream. In nozzle
bank experiments, the regions of gain are interspersed with base regions that have no
gain. Thus the geometric length is only an upper bound on the actual gain length.

A third major difficulty in previous work is the lack of a precise measurement of
the fluorine atom concentration in the laser cavity. This critical parameter determines

how much HF can be formed and consequently how much power can be extracted from a



laser. A great deal of work has gone into fitting HF laser experimental data with
theoretical models to indirectly estimate the F atom concentration. This is done by
atering the dissociation fraction of the F atom precursor molecule (SF, F, etc.) until the
model agrees with the experimental data (Carroll et al. 1993; Sentman et al. 1987).
Given the chemical and physical complexity of atypical HF laser, this technique can
result in erroneous conclusions.

This investigation addresses the previous experimental shortcomings primarily
through the use of atunable diode laser system that is capable of resolving the lineshape
of individual HF overtone ro-vibrational transitions thereby ensuring high fidelity of the
centerline gain measurement. Resolution of the transition lineshape also alows for the
determination of the static flow temperature. A novel titration experiment is used to
measure the F atom flow rate and Pitot-static probe measurements are made to greatly

reduce the ambiguity of the gain length.



Chapter 2

Background

The HF laser is an enormously complex system that spans the disciplines of
guantum mechanics, chemical kinetics and fluid dynamics. The following sections of
this chapter discuss the effect these three fundamental disciplines have on the
performance of an HF laser systems. Quantum mechanics describes the
rotational/vibrational energy spectrum of the HF molecule. Included is a discussion of the
relevant radiative energy transfer processes and the small signal gain, which is the
fundamental parameter that defines the lasing potential of the medium. The section on
chemical kinetics describes the reactions that create the nonequilibrium (i.e., inverted)
population distribution of the HF molecular system and the collisional deactivation
reactions that work to restore equilibrium to the system. The fluid mechanics section
covers the operation of the supersonic nozzle used to mix the reactants and create

favorable lasing conditions within the laser cavity.

2.1 HF Rotational-Vibrational Energy Levels
Solutions of the Schrddinger equation define the quantum mechanical energy
states of a molecular system:
H?.(r,R)=E,?.(.R) 2.2)
where H is the Hamiltonian operator, y r is the molecular wave function and E, isthe

total molecular energy, which includes trandational, vibrational, rotational, and



electronic energies (Lowe 1993). The vectors r and R represent the locations of the

electrons and nuclei, respectively. The Hamiltonian operator for a diatomic moleculeis:

hZNZ_ h2~2 h2
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where h is Plank’ s constant, m, and my, are the masses of the two nuclei, me is the electron
mass, Z, and Z,, are the charges of the two nuclel, and e is the electron charge. The first
three terms represent the kinetic energy of the two nuclei and the electrons, respectively
(Levine 1975). The fourth and fifth terms represent the attractive potentials between the
nuclei and the electrons while the last two terms represent the nuclei-nuclel and electron-
electron repulsive potentials.

The first step in obtaining an approximate solution to the Schrodinger equation is
to assume the molecular wavefunction is separable into electronic and nuclear parts:

?.(0R)=2,0,R)?(R) (2.3

Substituting this form of the wavefunction into the Schrédinger equation gives:

h’ NZ2? 2 h* N2? 2 h* a K22 2
Zma a*d-* N 2mb b*d*N 2me i i~d*N (24)

where V,,V,,ad V,, are the electron-nuclei, nuclei-nuclei and electron-electron
potentials, respectively. By utilizing the vector calculus identity:
N?fg= f N?g+2Nf Ng + gN? f

Equation (2.4) expands into:
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The initial separation assumption separated the nuclear motion from the electronic
motion. This assumption is justified because the electron mass is so much smaller than
the nuclear mass that the electrons can respond virtually instantaneoudly to the nuclear
motion. Under this assumption the derivatives of the electronic wavefunction with
respect to the nuclear coordinates vanish as do the derivatives of the nuclear

wavefunctions with respect to the electronic coordinates:

This simplification, commonly termed the Born- Oppenhiemer approximation, reduces
Equation (2.5) to (Levine 1975):
h? - h? - h? ~
- (?dNi?N)_ (?eINi?N)_ é(?NNiz?el)

2m, 2m, 2m,
+(\79N +\7NN +\7(ae)?el?N =En?47

At a given inter-nuclear separation, the potential energy operators do not affect the

nuclear wavefunction so it can be brought in front of the operators. Then by dividing

through by y ¢ and y n and rearranging terms, Equation (2.6) becomes:
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Since thefirst term is only afunction of y n and the second term is only afunction of vy g,
separation of variables has been achieved. Each term must equal + the same constant

resulting in separate electronic and nuclear Schrédinger equations:

¢ h? g o Lo .ol
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(2.8)
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where the separation constant, C, can now be defined as the total electronic energy
including nuclear-nuclear repulsion, U(R). The electronic equation can be written more
succinctly as:

[He +Vin]?4 =UR)?, (29)
where H is the electronic Hamiltonian:

A

é.N VeN+\76e

=72

Equation (2.9) can be solved for a particular electronic configuration at a given inter-
nuclear separation, R. Then by parametrically varying R, the total electronic energy,
including nuclear repulsion, can be determined as a function of inter-nuclear separation.
Using the electronic solution and rearranging the terms of the nuclear Schrodinger

equation gives:

10



h> ., h?

N U
N +UR)g?y =E,?y (2.10)
u

Since U(R) is only afunction of the inter-nuclear separation, the two-particle system can
be reduced to a one-particle system by moving to an internal reference frame.
This separates the trandational motion of the molecule from the internal motion of the

nuclei relative to each other. The nuclear Schrédinger equation then becomes:

D ReruRp, =E2, 2.11)
2 U

DM D

where mis the reduced mass of the nuclel, Ris the inter-nuclear separation and E is the
total energy of the molecule, excluding trandational energy.
In spherical polar coordinates Equation (2.11) has a separable solution of the

form:

20 =FR)Y' @y .fy) (2.12)
The angular part of the solution, Y,*, are spherical harmonics and can be written in terms
of Legrendre polynomials. The quantum number J represents the angular momentum and
isrestricted to positive integers or zero. The quantum number M represents the
projection of the angular momentum onto the z-axis and is restricted to integer values
between J and —J. The energies associated with the spherical harmonics are those of the

rigid rotor (McQuarrie and Simon 1997):

2
E, = Z—IJ(J +1) (2.13)

T

where| (=n?) is the molecule’s moment of inertia. Since the rotational energy is not a

function of M, and because M can vary between +J, the rotational energy levels are 2J+1

11



degenerate. The energy of therigid rotor depends on the square of the quantum number
J, so the energy level spacing increases as the J value increases.

The potential energy function, U(R), must be known in order to solve for the
radial component of the nuclear wave function. For bound electronic states of diatomic
molecules, U has the general shape of the solid curve in Figure 2.1. The curve rises
steeply to the left of the minimum, indicating the difficulty of pushing the two nuclei
closer together. The curve to the right of the equilibrium position rises initialy but
eventualy levels off to the molecular bond energy. When the internal energy of the

molecule exceeds the bond energy the molecule will dissociate into separate atoms.

potentia energy

R inter-nuclear separation

Figure2.1 Solid curveisatypica potential energy function of a diatomic molecule in
the electronic ground state. Dotted curve is the parabolic harmonic oscillator
approximation. Dashed curve represents the dissociation energy. Re represents the

equilibrium bond length between the nuclei.

12



Expanding U(R) in a Taylor series about the equilibrium inter-nuclear separation

gives:

U(R =UR) +UER)(R- R)+ SUGR)(R- R)’ +

. L (2.14)
7Y &R)(R- R)’ Y (RI(R- R)* + e
Thefirst derivative of U vanishes at the equilibrium separation, Re:
U(R,)=0 (2.15)
Keeping only the parabolic term gives the simplest approximation to U:
U(R) »U(R)+3k,(R- R)? (2.16)

where ke (FUARe)) is the equilibrium molecular force constant. This approximation is
justified for small oscillations about Re and amounts to replacing the solid curve in Figure
2.1 with the dashed curve. Equation (2.16) represents the potential energy of a harmonic
oscillator and is equivalent to a mechanical system in which two masses connected by a
spring oscillate about an equilibrium position.

Solving for the radial component of the wavefunction gives.

F(R)= @ (2.17)

where the function S, can be written in terms of Hermite polynomials. The
corresponding vibrational energies are:

Ep =W, (V+12) (2.18)
where the vibrational quantum number, v, is restricted to positive integer values (Levine
1975). The zero point energy, We iS given by:

.J2

o

w_=h

e

m

S
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where k is the vibrational force constant. The vibrational energy levels of the harmonic
oscillator are evenly spaced and are typically 100 to 1000 times farther apart than the

rigid-rotor energy levels.

211 Non-Rigid Rotor/Anharmonic Oscillator

The higher order terms neglected in Equation (2.14) in the previous section must
be retained in order to adequately model the energy levels of the HF molecule. Because
the neglected terms are small they can be considered perturbations to the rigid-
rotor/harmonic-oscillator model (Levine 1975). The corrected expression for the
vibrational energy in terms of band spectrum coefficients common in spectroscopic
literature is:

Eup =W (V+3)- WX (V+3)° +W Y (v+3)° +.. (219)

The coefficients (We, WeXe and Weye) are experimentally determined and represent the
weakening of the inter-nuclear force constant as the vibrational energy level increases.

Similar corrections to the rigid-rotor expression correct for the changing of the
inter-nuclear separation as the rotational energy level increases:

E.=BJW+1)- DJ*(J+1)*+... (2.20)

Coupling between the vibrational and rotational energies also needs to be considered. As
the vibrational energy increases, the average separation between the nuclel grows
increasing the rotational inertia. Also, the lengthening of the inter-nuclear separation at
higher rotational levels decreases the vibrational force constant. Vibrational-rotational
coupling enters the energy expression through B, in Equation (2.20):

B, =B,-a,(v+tl)+.. (2.21)

14



With these corrections the rotational - vibrational energy of a diatomic molecule becomes:

E

ro- vib

SW,(V+ ) WX (V+ D)7 Wy (v D)

(2.22)
[B.-a,(v+1)]I(I+1)- DI2(I+D?+...
Table 2.1 lists the HF spectroscopic constants and the associated ro-vibrational energies

arelisted in Table 2.2 (Wilkins 1977).

2.1.2 Radiative Processes
Einstein identified three radiative processes that affect the concentrations of
moleculesin individual energy states. spontaneous emission, stimulated absorption and

stimulated emission (Verdeyen 1995). As the name implies, spontaneous emission is the

Table 2.1 Spectroscopic constants for HF (Wilkins 1977)

Constant Value (cm™)
We 413873
WeXe 90.05
WeYe 0.932
Be 20.9555
De 2.15E-03
ae 0.7958

Table 2.2 HF ro-vibrational energies (cmit) in the electronic ground state. (Wilkins
1977)

v=0 v=1 v=2 v=3

J=0 | 204697 | 600855 | 9797.96 | 13419.96
2088.08 | 6048.12 | 9836.02 | 13456.55
217025 | 6127.20 | 9912.10 | 13529.70
229339 | 624570 | 10026.09 | 13639.29
245733 | 640347 | 10177.86 | 13785.19
2661.88 | 660032 | 10367.20 | 13967.22
2006.78 | 6835.99 | 10593.80 | 14185.15
319173 | 711020 | 10857.63 | 14438.68
351638 | 742260 | 11158.10 | 14727.51

OIN[OOB[WIN|F-
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spontaneous decay of a molecule from energy state 2 to 1 by radiation. In doing so the
excess energy is released in the form of a photon. The change in the population density
of state 2 due to spontaneous emission can be written in terms of asimple rate
expression:

dN,

d'[ spontaneos
emission

=- AN, = AN, (2.23)

where N, and N are the populations of moleculesin energy states 2 and 1, respectively,
and A1 istermed the Einstein A coefficient. The solution to this equation shows that if
no other process took place the population of state 2 would decrease exponentially with a
time constant t=(A21)*. The Einstein A coefficient is therefore the radiative lifetime of
the molecules in energy state 2.

In the absorption process, a molecule in energy state 1 absorbs a photon from a
radiation field and is promoted to state 2. The rate which this process takes place
depends on the density of the radiation field and the concentration of the absorbing

molecules:;

dN,
dt

dN,
dt

=B,N;r ) f)=-

absorption

(2.24)

absorption
wherer (n) isthe radiation field energy density and f(v) is the lineshape function. The
lineshape function is the frequency dependence of the radiative transfer between energy
states 1 and 2. Section 2.1.7 gives a detailed explanation of the causes and consequences
of the broadening of the lineshape function. In the applications discussed here, the
frequency bandwidth of the interacting radiation field is many orders of magnitude

narrower than the spectral lineshape of the transition. Therefore, r (v) can be considered a

16



delta function existing at only a single frequency. The radiating field will then interact
only with the fraction of molecules transitioning between states 1 and 2 that correspond
to that frequency. That fraction of molecules is defined by the lineshape function
(Verdeyen 1995).

Stimulated emission is the reverse of absorption. In this process amoleculein

state 2 is stimulated by a radiation field to give up its excess energy and in the process

drops down to state 1:
dN, a _dN;
dt [simulated = BauNor () f(n) =- dt |simulated (2.25)

The photon that is released in the process is at the same frequency, at the same phase, in
the same polarization, and in the same direction as the stimulating wave. This coherent
radiation addition is the fundamental process by which all lasers operate. Here again the
stimulating wave will interact only with the fraction of molecules dictated by the
lineshape function.

Einstein used a thermodynamic equilibrium argument to show the relationship

between the different coefficients (Verdeyen 1995):

9,8, = 9,B;, (2.26)
3
% = % (2.27)
21

where g and @ are the degeneracies of the upper and lower energy levels, respectively
and n is the photon transition frequency between the upper and lower energy levels.
Therefore by knowing one coefficient, al three are known. It isimportant to note that the
coefficients are physical properties of the molecule and as such do not depend on whether

or not it isin equilibrium or on the intensity of the radiation field or on the existence of

17



any other energy transfer mechanisms. Therefore the likelihood of any radiative

transition is quantified by the Einstein A coefficient.

2.1.3 Quantum Mechanical Link to Einstein Coefficients
The previous section defined the observed macroscopic transition rate coefficients
(i.e., Einstein coefficients) of radiative energy transfer. This section derives the
relationship between these rate coefficients and the quantum mechanical state functions
described earlier. On the quantum mechanical level, a radiative energy transfer involves
the interaction between the radiation field and the electric dipole moment of the
molecule. A molecule consisting of nuclel and electrons at positions ri=(x;, Y, z) with

charge g; will have a net dipole moment, m with Cartesian components (Hollas 1998):

:::le :é Xq
u=}uy =a yq, (228)
| [
:I:UZ = . Ziqi
i~ a

The classic potentia energy of a system of charges having a dipole moment in a
radiation field is given by:
V =-E(t)’u (2.29)
where E is the oscillating electric field vector. If the oscillating field isin the z direction

and the dipole system is located at the origin, Equation (2.29) can be written as:

V =-E_ cogwt)u, (2.30)

18



wherew is the frequency of the electromagnetic wave. This classical energy potential
can be written as a time-dependent perturbation Hamiltonian to the quantum mechanical
system (Levine 1975):

H¢t) =- E_, cosiwt), (2.31)
The transition probability is then obtained by solving the time-dependent Schrddinger
eguation:

'"Y (t) = [re +Agy] v ) (232)

where Y (t) isthe time dependent wavefunction for the perturbed system and H°isthe
Hamiltonian for the unperturbed system.

Consider now a simple two-level system described by upper and lower stationary
state wavefunctionsy » andy 1, respectively, in which the stimulating wave is absorbed
by the molecule and promoted from state 1 to state 2. Solutions to the unperturbed time-
dependent Schrodinger equation (Equation (2.32) with H¢= 0) give the time-dependent
wavefunctions for the upper and lower energy states in terms of the stationary state
solutions:

Yl — ?1e-iE1t/h
Y (2.33)
2 t2

The wavefunction for the perturbed system is then given by the linear combination of the

complete set of solutions to the unperturbed system:
Y (1) = a,(t)?,e " + a, ()7, = (2.34)
where a;(t) and ax(t) are time-dependent coefficients. The squares of the coefficients,

|a,(t))* and |a, (t)|”, are the probabilities of the system being in state 1 and 2,
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respectively. Substitution of Equation (2.34) into Equation (2.32) gives, after much

simplification, two coupled differential equations for the time-dependent coefficients:

daz “21zE0z - (W-w, )t
= e 21
% oih
(2.35)

di =a, ulzz.EOz ei(w— Wyt
dt 2ih

where wo1=(E>-E;)/h is the transition frequency between the upper and lower energy

states. The z component of the transition dipole moment is:
Moy, = (?.0,7,dt (2.36)
where the dipole moment operator, [1,, iSgiven by:
mzé;q (2.37)

To solve Equations (2.35), first assume that the system of moleculesis initialy in
state 1 and then at t=0 a weak eectric field, with a frequency near the transition
frequency, is turned on to induce atransition from state 1 to state 2. This givesinitia
conditions of:

a,(t=0»1 ad a,(t=0)»0
If the growth of a is examined for short enough times so that the approximation a;” 1is

still valid, then the state 2 occupation probability is:

| |2E2 gs-nz(w'wm)tg

|a2(t)|2 — lezz“’]2 ozg 2 - 32 (238)
e @Ml g
ée 2 g @

The bracketed term in Equation (2.38) peaks sharply when w™ w,; and is very small

everywhere else. Thisindicates that an absorptive transition is only likely to occur when
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the radiating field is at or near resonance with the quantum mechanical transition
frequency. Consideration must also be given to the fact that the transition frequency
itself is not a delta function but instead is spread over a frequency range defined by the
lineshape function. Since we are assuming a monochromatic radiating wave, the relative
probability that a transition is possible is also given by the lineshape function:

f()dn
By incorporating the lineshape function, Equation (2.38) can be integrated over all

frequencies to give the total transition probability:

2
EZ
= “‘21—2 f ()t (2.39)

|a, (1) i

The z component of the dipole moment is related to the total dipole moment and

the electric field amplitude to the energy density by:

||~1212|2 :%|U21|2
£2 = 2r (v)
'0Z e

0

The transition rate per molecule is thus given by:

da, ") _ 2p>
dit 3e.h

s T (V) F (V) (2.40)

In the previous section the time rate of change of the excited state population was written
in terms of the absorption coefficient By, (Equation (2.27)). For the case of the weak
field in which we are concerned only with the initial population rate change, the
population of the ground state is essentially the same as the total population (N1~ N).

The transition probability per molecule can then be written as:
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1 dN,
N dt

=Bpr (M (V) (241)

By comparing Equations (2.41) and (2.40) we obtain arelation between the absorption

coefficient and the transition dipole moment:

p°
B.=
2 3 h?

(2.42)

2
|U 21|

To complete the circle with Section 2.1.2, the Einstein A coefficient is written in terms of

the transition dipole moment:

64phiel O
= 3h0321 pe E|p'21|2 (243

A

where ny; and my; are the transition frequency and transition dipole moment from the

upper to the lower states, respectively. Asthe value of the transition dipole moment
increases, the likelihood of the transition increases. So, we see again, if the transition
dipole moment is zero that transition will have a zero probability of occurring. Table 2.3

lists the HF overtone and fundamental Einstein A coefficients.

2.1.4 Small Signal Gain/Absor ption
Gain is the amplification that an electromagnetic wave receives as it traverses a
medium. The intensity of alaser beam used to probe a gain medium will change

according to:

28 - g (244
y

where | (v) isthe laser intensity, g(v) is the gain coefficient of the medium, and y isthe

laser propagation direction (Verdeyen 1995). It isimportant to note that |1 and g are
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Table 2.3 Einstein A coefficient and wavelength for HF fundamental and overtone

transitions (Arunan et a. 1992).
HF Overtone v=2 to v=0

HF Fundamental v=2 to v=1

A wavelength A wavelength
P branch (S—l) (nm)g P branch (S-l) (nm) 9
\]Iower ‘IOWET
1 23.68 1297.04 1 199.28 2666.78
2 15.90 1304.50 2 135.42 2696.27
3 14.39 1312.56 3 123.93 2727.47
4 13.77 1321.22 4 119.72 2760.44
5 13.43 1330.50 5 117.78 2795.22
6 13.22 1340.41 6 116.75 2831.89
7 13.06 1350.96 7 116.09 2870.52
8 12.93 1362.17 8 115.55 2911.18
R branch (?1) wavelength (nm) R branch (?1) wavelength (nm)
Jlower Jlower
0 7.76 1283.85 0 63.43 2612.69
1 9.21 1278.12 1 74.08 2588.00
2 9.75 1272.94 2 77.03 2564.83
3 9.98 1268.32 3 77.30 2543.14
4 10.06 1264.24 4 76.28 2522.88
5 10.06 1260.71 5 74.48 2504.02
6 10.00 1257.73 6 72.20 2486.55
7 9.90 1255.28 7 69.57 2470.41

functions of the laser frequency and that the laser will only interact with the gain medium

when it is at or near resonance with a quantum mechanical energy transition. Equation

(2.44) can easly be solved for g(v) to give the well-known integrated Beer-Lambert law:

gv) =

A

1. _¢€l (vu
—In d
L &l,(V)g

(2.45)

where L isthe gain length, l¢(v) is the beam intensity at the exit of the gain region and

lo(V) isthe beam intensity at the inlet. If the beam intensity decreases as it traverses the

medium, g(v) becomes negative and is then referred to as the absorption coefficient.

Therefore, by measuring the input and output beam intensity, Equation (2.45) can be used

to determine the gain or absorption of the medium.
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The beam intensity increases due to stimulated and spontaneous emission and
decreases due to absorption as it interacts with the molecules inside the gain medium.
The rate equation for the change in population of the excited state molecules caused by

the radiative processesis.

dN,

:-AJ|NU - BuINurvf(v)-i-BluNIrvf(v) (246)
dt rad

where the u and | subscripts represent the upper and lower energy states, respectively.
The radiation field energy density is related to the beam intensity by:

beamintengty |
photonvel ocity ¢

(2.47)

ry =
Using this expression and the relationships between the Einstein coefficients (Equations
(2.26) and (2.27)), Equation (2.46) can be rewritten as:

dN
dt

d AN TG g 249)

rad | u

where s (V) is the stimulated emission cross section:

S(v)= A” > F (V) (2.49)

Because hv is so small, the second term in Equation (2.48) is an order of magnitude larger
than the first term This allows the spontaneous emission term to be dropped even when
the stimulating beam intensity, |, issmall. Spontaneous emission of photons plays the
important role of initiating laser oscillation but is not significant when calculating gain.

Equation (2.48) can then be written as:

dN 6 0
W=t =os W)aN, - 25N, (2.50)
dt rad e | u
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The term on the left hand side of Equation (2.50) is the energy of a photon times
the rate of change of population density of the excited molecules. Since each photon
released adds coherently to the beam intensity and each photon absorbed subtracts from
the beam intengity, this term must be equal to the change of intensity of the beam as it

propagates through the gain medium:

dN, | _ dl, (251)
dt rad dy

hv

Substituting this expression into Equation (2.50) gives:

d,
dy

=s (&N, - 2N, (2.52)
e g a

|
Comparing the above expression to Equation (2.44) gives the gain (or absorbance) of the

medium as a function of population of the upper and lower quantum energy states:
é u
g(v) =s MeN, - 2N, (259
e g u
If the probing beam intensity is low, it will not affect the population of the excited state
energy levels (Verdeyen 1995). g(v) is then referred to as the small signal gain with units

of % cmit or cmi®.

Clearly for gain to be present:

N, > Sy (2.54)

g
When this condition is met, a system is said to have a population inversion because it is
contrary to the normal state of affairs such as that given by the Boltzmann relationship.
It is possible to have gain on a particular ro-vibrational transition without having an

inversion of the vibrational levels. However, in typical HF lasers, the vibrational levels
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are inverted while the rotational levels within those vibrational levels have Boltzmann
distributions (Pimentel and Kompa 1976). There are many different ways to produce a
population inversion and much of laser research is dedicated to improving the efficiency
of those pumping mechanisms. In HF lasers the population inversion is created by a
chemical reaction between atomic fluorine and molecular hydrogen. The kinetics of this
reaction as well as other competing chemical reactions within the HF laser is discussed in
Section 2.2.

Equations (2.45) and (2.53) relate the measurable quantities (l¢/l,) to the physical
properties of the gain medium (populations of upper and lower energy states). Thisisa
key point and the reason for the development of this section. Much of the rest of this
research revolves around the measurement of small signal gain and how it relates to the
fundamental mechanisms responsible for creating a population inversion inside an HF

laser.

215 Spectral Line Broadening

A transition between two quantum energy levels implies a single distinct
frequency (v=(E2-E1)/h). However, the uncertainty principle dictates that there will be a
distribution in the energy related to the lifetime of the excited states. The uncertainty in
the energy levels gives rise to the natural linewidth of the transition. The natural
linewidth of the HF transitions investigated in this research is very small (~10Hz) and has
anegligible effect on the gain. It would in fact be extremely difficult to actually measure
the natural linewidth of the HF overtone transitions. There are, however, other transition

lineshape broadening mechanisms that will have an effect on the measured gain.
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The two main contributors to the broadening of the spectral lineshape are pressure
(collisional) broadening and Doppler broadening (Hollas 1998). Pressure broadening is
caused by eastic molecular collisions in the flow that cause the phase of the emitting
radiation to take discontinuous jumps. This, in turn, shows up as a broadening in the
frequency domain. Because the absorption and emission profile of the macroscopic
assembly of atoms is the same as that of each individual atom, pressure broadening is
termed homogeneous broadening and gives rise to a Lorentzian spectra lineshape:

Aw

f(v)= (2.55)

e 2 83/\4('52[:j
Pev- ) +e= 0
8 €2of

where A isthe spectral area, v. isthe line center frequency, and w; is the L orentzian
linewidth (full width at half maximum). Since the frequency of molecular collisonsis a

function of the flow temperature and pressure, w; can be written as:

_ NQ [16kT

Ry (2.56)
where N is the number density of the excited species which incorporates the flow
pressure dependence, Q is the collisional cross section, k is Boltzmann’s constant, T is the
static temperature, and M is molar mass (Demtroder 1982).

Doppler broadening is a form of inhomogeneous broadening because it depends
on the motion of the atoms relative to the probing beam. The random motion of the
molecules toward or away from the probe beam source creates an apparent shift in the

beam frequency, as seen by the molecule, due to the Doppler affect. A Maxwell-

Boltzmann distribution of molecular velocities yields a Gaussian lineshape:
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(2.57)

2 ¢ o
f(v)= — /— 4ln( 2 °x
() We P e r( )g We g H

where wg isthe Gaussian linewidth (FWHM). Since the random molecular velocity isa

GZCC

function of temperature, the Gaussian linewidth can be written as:

In2
C MC2

W, =2v (2.58)

where c is the speed of light and R isthe universal gas constant (Demtroder 1982).

The observed lineshape of a Doppler and pressure broadened transition is called a
Voigt lineshape and is a convolution of Gaussian and Lorentzian profiles. Fitting aVoigt
profile to the measured lineshape could deconvolve the Gaussian and Lorentzian
linewidths (Ward et al. 1974). However, under conditions investigated here, Doppler
broadening dominated pressure broadening. Thisis because the laser cavity pressureis
very low (~2-3 torr) and the pressure broadening coefficient for a collision between HF
and Heisonly 0.75 MHz Torr* (Chou et al. 1999a; Chou et al. 1999b). Collisions with
other flow species had a negligible effect even though their pressure broadening
coefficients are much larger because the cavity flow is over 90% He. The temperature
inside the laser cavity is expected to be in the 200 to 500 K range. This gives Doppler

broadened Gaussian widths between 400 and 700 MHz.

21.6 Transition Selection Rules
By absorbing or emitting radiation an HF molecule can transition between the ro-
vibrational energy levels listed in Table 2.2. However, this movement is not unrestricted.
Transitions between energy levels are governed by the interaction of the radiation field

and the electric transition dipole moment of the molecule as stated in Section 2.1.3. In
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order for an electromagnetic wave to interact with a molecule it must be at or near
resonance with a quantum mechanical energy transition. As aresult of this interaction
the molecule will under go transitions. A change in the dipole moment as a function of
inter-nuclear separation therefore becomes the criterion for defining the selection rules
for the allowed ro-vibrational transitions of diatomic molecules. Time-dependent
perturbation theory is needed to quantify this criterion into the requirement that
transitions only occur between states for which the transition dipole moment, (M., is

nonzero:

(), =¢?%p?'dt * 0 (2.59)
wherey *and y ? are the molecular wavefunctions of the initial and final states, flisthe
dipole moment operator, and dt is a differential volume. The molecular wavefunctions
can be separated into electronic and nuclear parts (y « and y n) by invoking the Born-
Oppenheimer approximation. Also, since we are only interested in ro-vibrational

transitions within the electronic ground state, the electronic wavefunctions of state 2 and

1 are the same and Equation (2.59) can then be rewritten as.
(W), = ¢?27% 2407 dt ydt 1 O (2.60)
Integration over the electronic coordinates reduces Equation (2.60) to:
(W), = 282 WH(R)T , O (2.61)
where MR) is the permanent electric dipole moment function corresponding to the

electronic ground state. mis afunction of the inter-molecular separation and is directed

along the inter-nuclear axis.

u(R) = mR)(isnq, cosf , +jsngq, snf, +kcosq,) (2.62)
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where gy and f  are the orientation of the molecule with respect to the z and x axis,

respectively. Equation (2.61) becomes:

2p ¥
Y .2 :.H(R)(isnq, cosf  +
Q027 o (2.63)
jsnqg, dnf , +kcosq, )R*snq, dRdq,df , 1 O
Substituting the separated form of the rigid-rotor/harmonic oscillator wavefunctions into
Equation (2.63) gives:

2pp

05 (@) S, (@), MR)ARFY;"), (V3" ), (isin cosf , +

jgnq, snf , +kcosqg,)sng,dq,df, * O

(2.64)

Notice that mmust be nonzero for the transition moment to be nonzero. Therefore, within
the rigid-rotor/harmonic oscillator approximation, a molecule must have a permanent
dipole moment to have a ro-vibrational spectrum.

Owing to the orthogonality of the spherical harmonics, the three angular integrals
in Equation (2.64) vanish unless M,=M; and J,=J;£1. Thus the selection rules for
changes in the rotational quantum numbers of a diatomic molecule with no change in
electronic state are:

DJ=+1, DM =0 (2.65)

To solve for the vibrational selection rules, we first must expand min a Taylor
series about the equilibrium bond length, Re:

WR) = W(R.) +HER)(R- R) +1u&R)(R- R)* +..... (2.66)
Substituting this expression into the radial part of Equation (2.64) and changing to the

variable q (=R-R.) gives:
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H(R.) (3 (),S,(a),dg+ u&R.) ¢, (9),aS, (a) ,dg +
¥ ¥ (2.67)

1p%R,) OS, (@), 4°S,(a),dg+.... 2 0

Because of the orthogonality of the Hermite polynomials, the first integral is
nonzero only when v,=v;. Likewise the second integral is nonzero only when vo=v;+1
and the third integral is nonzero when v,= vi£2 or Vo= v;. Therefore by keeping the
higher order terms in the expansion of m the selection rules for vibrational transitions are:

Dv=0,+1,+2,+3 +... (2.68)
For most molecules the contributions of the higher order terms is much smaller than the
M(Re) term which decreases the probability for transitions of | Dv; >1to occur. In HF,
Dv = 1 transitions are ~ 100 times more likely than Dv = 2 transitions which are in turn
much more probable than Dv=3 transitions. Single vibrational energy level changes are
referred as fundamental transitions and Dv = 2 are termed overtone transitions.

It should be noted that the radial wavefunctions used in Equation (2.64) are those
of the harmonic oscillator. The neglected anharmonic perturbation terms of Equation
(2.14) produce small changes in the radial part of the nuclear wavefunctions. The actual
radial wavefunctions contain contributions from the harmonic oscillator wavefunctions
with quantum numbers other than v. Therefore the first term in Equation (2.64) will have
asmall value for transitions where v, ? vi. Likewise the second term will not be zero
when v, ? vi+1 and so on for the other terms. Therefore the anharmonicity corrections

further add to the probability of overtone transitions.
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2.1.7 Thermal Population

Collisions between molecules can a so cause transitions between quantum
mechanical energy states. These collisional processes work to maintain thermal
equilibrium by converting ro-vibrational internal energy into trandational kinetic energy.

The Boltzmann relationship describes the thermal equilibrium population distribution:

g.€ Eg/KT
-E; [kT

F, =

= (2.69)
&ge
]

where Fs represents the fraction of molecules in energy level s, Esis the energy value of
level s, and gs in the number of degenerate statesin level s(McQuarrie and Simon 1997).
The Boltzmann distribution shows that a level’ s population depends on the energy
required to reach that level relative to kT. At room temperature, KT~ 205 cm. Sincethe
energy gap between electronic and vibrational energy level is 60,600 crmit and 3960 cmit,
respectively, solving Equation (2.69) shows that practically al room temperature HF
molecules are in the ground electronic and vibrational levels (Dunning 1976). In
contrast, the rotational levels have small energy gaps and are significantly populated.
Figure 2.2 shows the population distribution of the rotational levels withinthev =2
vibrational level in HF at 100K and at 400 K. As the temperature increases, the number
of populated rotational levels increases and the J level with the highest population

fraction shifts to a higher value.
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Figure 2.2 HF rotational energy level distribution in v=2 at 100 K and 400 K.

2.1.8 Ro-Vibrational Spectrum

Ro-vibrational transitions are identified by the change in the rotational level
(McQuarrie and Simon 1997). The letter P is assigned to transitions in which the upper
state J value is one less than the lower state Jvalue. The particular trangition is identified
by including the lower state J value in parentheses: P(Jower). FOr example, atransition
fromv=2, J=6tov =0, J=7 isaP(7) transition. Specification of the vibrational transition
(i.e., fundamental or overtone) is typically not stated requiring the reader to infer this
from the context of the text. The letter R is assigned to transitions whose upper state J
value is one greater than the lower state value. The transition from v=2, J=8 to v=0, J=7
isan R(7) trangition. This nomenclature applies whether the radiation is absorbed or
emitted by the molecule. The frequency and wavelength of the absorbed or emitted

radiation is determined from the difference in quantum energy levels:

E,- E =hn= hlE (2.70)
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where h is Planck’ s constant, ¢ is the speed of light, and n and | are the frequency and
wavelength of the radiation, respectively. Since R branch transitions have greater energy
change they have lower wavelengths than P branch transitions. Table 2.3 lists the
wavelengths for the fundamental and overtone P and R branch transitions of HF (Arunan
et al. 1992). Figure 2.3 shows the relative gain distribution of the HF overtone transition
(v=2to v=0) for a given population inversion when the upper and lower ro-vibrational
manifolds have Boltzmann distributions with atemperature of 400 K. The P branch
transitions have higher gain due to the higher transition probability given by the Einstein
A coefficients. However, even though the Einstein A coefficient is larger for P1 than for
P2 or P3, it has less gain due to the Boltzmann population distribution of the vibrational
levels. The fundamental gain distribution is the same as the overtone distribution with

the only difference being a shift along the x-axis to the fundamental wavelengths.
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Figure 2.3 Relative gain distribution of HF v=2 to v=0 overtone transition at 300K.



2.2 HF Laser chemistry

Excited HF molecules are produced inside HF lasers by two different chemical
reactions. The Cold Pumping Reaction, which is the primary pumping mechanism for
producing the population inversion, is the reaction between atomic fluorine and
molecular hydrogen. The reaction between molecular fluorine and atomic hydrogen can
also produce excited HF molecules. This reaction has a much higher heat of reaction
than the Cold Pumping Reaction and is therefore referred to as the Hot Pumping
Reaction. Both of these reactions are in the category of three-atom exchange reactions:

A+BC® AB+C

where A, B and C are different atomic species. These types of reactions will be
exothermic if the AB chemical bond is stronger than the BC chemical bond. Such
reactions are generally extremely fast because the activation energies are small and there
are no significant restrictive geometrical requirements for a collision to be reactive. For a
chemical reaction to create a population inversion there must be some dynamical
constraint in the forming of the products that prevents a purely statistical (Boltzmann)
distribution and selectively channels part of the reactive energy into one or more higher
energy states. In the case of the primary HF pumping reaction, the reaction exothermicity
preferentially populates the vibrational energy levels of the reaction products.

Beside the need for a population inversion, the production of laser gain also depends
upon the stimulated emission cross section. The stimulated emission cross section is
related to the Einstein coefficient which is a measure of the probability of a radiative
energy transfer as discussed in Section 2.1.3. The radiative processes compete for the

energy stored in the population inversion with collisional processes that work to restore
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thermal equilibrium to the system. Therefore in order to create a laser, the rate of energy
extraction by stimulated emission must be greater than the rate of energy transfer by
collisonal processes. In HF lasers the collisional deactivation processes of interest are
reactive quenching and direct energy transfer. In reactive quenching the excited
molecules react with another species to form a new chemical compound. Direct energy
transfer can occur by R-R, V-V, or V-T mechanisms. R-R energy transfer involves
transfer of energy between rotational levels of the excited molecules within the same
vibrational level. V-T energy transfer involves conversion of the vibrational energy of
the excited molecules into trandation energy of the collision partners. V-V energy
transfer involves the direct vibrational energy exchange between the excited molecules
and other vibrationally excited species.

Nearly al the chemical reactions in HF lasers have the form:

A+B3%L® C+D

where A, B, C and D are different atomic or molecular species and k is the characteristic
rate constant for the reaction. The rate of reaction, R, is defined by:

_d[A]__d[B] _d[C] _dD]
dt dt at dt

R= = k[A][B] (2.71)

where the brackets indicate species concentration. For an isolated reaction, the rate of
reactant consumption and the rate of product generation are dependent on the rate
constant and the concentrations of the reactants. Solutions to Equation (2.71) show an
exponential decay in reactant concentration and an exponentia increase in product
concentration. Inside the laser cavity, the reactions are not isolated which requires
simultaneously solving the rate equation for every possible chemical reaction. There are

only 6 chemical species present in the discharge driven HF laser considered here: F, F,

36



H, H,, HF and He. However, each of the three molecular species can appear in different
ro-vibrational energy levels. To completely represent the HF laser chemical system, each
ro-vibrational energy level must be treated as a separate species with individua rate
constants for each state-to-state reaction. This creates a nearly intractable number of
chemical reactions.

Further adding to the complexity of the HF laser chemical system isthe
temperature dependence of the rate constants. The temperature dependence is typically
written in the Arrhenius form:

k(T) = A(T)e =/F (2.72)
where T is absolute temperature, Ex is the activation energy and R is the gas constant
(Steinfeld et a. 1989). The pre-exponentia factor, A(T) , may have a weak temperature
dependence, typically no more than some fractional power of T. The activation energy
can be thought of as the amount of energy that must be supplied to the reactants in order
to get them to react with each other. Since E, is a positive energy quantity, the majority
of reactions have k increasing with temperature. The following sections describe the
temperature-dependent rate constants for the chemical reactions currently thought to
represent the kinetic system of the HF laser. The primary reference for these rate
constants is the recent review article by Manke and Hager (2001). All of the rate
constants presented here have units of (cn? molecules® s*) with temperature in units of
(K). A summary of the functional form of the rate constants and a comparison of the
room temperature rate constants are given in Tables 2.4 and 2.5, respectively, at the end

of this section.
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2.2.1 Cold Pumping Reaction

As stated previously the principal pumping reaction in continuous wave HF
chemical lasers is the reaction between atomic fluorine and molecular hydrogen:

F+H,3%® HF +H (2.73)

The dynamics of the reaction are governed by the interaction of the electronic potential
energy (including nuclear-nuclear repulsion) functions of the individual reactants and
products. Combining of these potential energy curves produces a multi-dimensional
surface in which the potential energy is given in terms of reaction coordinates. For the
collinear three-atom exchange reaction, F-H-H, the reaction coordinates are the H-H
bond length and the H-F bond length. Asthe F atom moves closer to the H, molecule,
the H, bond stretches and the H-F bond beginsto form. After the HF bond forms, the
freed H atom recoils from the newly formed molecule, lengthening the H-H distance.
Figure 2.4 gives an example of a potential energy contour surface for a generic three-
atom exchange reaction (A+BC ? AB+C). The dashed line in Figure 2.4 represents the
reaction path along a line of minimum potential energy. The F+H, reaction is of the
general type in which there is a potential energy barrier between the reactants and
products. Thisis evident in Figure 2.4 by the increase in potential energy along the
reaction path and the formation of a saddle point. The height of the saddle point is the
required activation energy for the reaction. The saddle point is also termed the transition
point because the H-H bond has been broken and H-F bond has not yet formed. The
transition point for the HF reaction occurs when the reactants are approaching each other,

which tends to favor vibrational excitation of the products (Steinfeld et a. 1989). The
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Saddie point

Figure2.4 Potentia energy contour map of collinear three-atom reaction, A+BC
? AB+C. Rap and Rac represent the AB and BC bond lengths, respectively. The dashed
line represents the reaction path along the minimum potential energy and the saddle point
lies at the transition state (Steinfeld et al. 1989).
reason for thisis that the H-F distance is still decreasing when the energy of the
exothermicity isreleased. This causes the freed H atom to recoil away from the newly
formed molecule depositing a large fraction of the energy into the vibrational modes of
the HF bond. The average values for the partition of the energy among the various
degrees of freedom of the reaction products are:

(f,)=0.66

(f)=0.08
(f,)=026

where (f,), (fz)and (f, ) are the average fractions of energy deposited into the

vibrational, rotational and trandational degrees of freedom, respectively (Steinfeld et al.
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1989). Therefore, the HF molecules are produced with appreciable vibrational excitation,
but relatively little rotation and trand ation.

Figure 2.5 shows a dlice of the potential energy contour surface along the reaction
path of minimum potential energy for the F+H, reaction. The heat of reaction, DH, and
activation energy, Ea, are 32.0 kcal molt and 1.6 kcal mol', respectively (Cohen and
Bott 1976). If all thisenergy (DH+E,) is available to populate the ro-vibrational energy
levels of the formed HF molecules, then the highest ro-vibrational level that can be
reached isv=3 J=3. Thereis, therefore, some probability that excited HF molecules will
be formed in the first three vibrational bands. The fraction of molecules channeled into

each vibrational band is (Cohen and Bott 1976):

0.55

f,-s =0.30 0.3

f-, =0.55 0.15

fv=l =0.15 0 0

f,_,=0.00 | |
V=20 1 2 3 4

The vibrational levels are therefore inverted and the possibility of building a laser
between the vibrational manifolds exists. Even though the largest population inversion
exists for the v = 2to v = 0 overtone transition, the largest gain ends up being on thev = 2
to v = 1 fundamental transition due to differences in the Einstein coefficients.

Despite being extensively studied, both theoretically and experimentally, thereis
still some uncertainty in the overall rate constant for the cold pumping reaction. The

accepted value is (Manke and Hager 2001):

K(T) = f, (L1£0.1)x10 e T [cm® molecules * s™] (2.74)
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k3 H+ HF(V=3) fV:3:O.3O
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Ea=1.6 kcal molrt—-
A H+HFw=2) f,=,=0.55

DH=32.0 kcal mol*
H+HFw=1y f,-1=0.15

Figure2.5 F+H, ? HF+H reaction path along the minimum potential energy surface
showing the vibrational distribution of the products.

over the temperaturerange 190 K = T = 376 K. However, the overal rate constant has
also been experimentally determined to be (Manke and Hager 2001):

K(T) = f,(2.2+0.4)x10 e =T [cm® molecules ™ 5] (2.75)
over the temperaturerange 295 K = T = 765 K. At 295 K, Equation (2.74) gives avalue
18% larger than Equation (2.75) and the difference growsto 27% at 376 K. For arate
constant thisis not a large discrepancy and the error bars for each expression overlap for
this temperature range. The temperature in the laser flow investigated here can be
expected to vary from as low as 150 K up to 500 K and even higher for a combustor-
driven system. A single rate expression over this temperature range would be beneficial.
Since thisis not available, it is generally accepted to use Equation (2.74) for temperatures
below 376 K and Equation (2.75) for temperatures above 376 K (Manke and Hager

2001).
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2.2.2 Hot Pumping Reaction
The hot pumping reaction:

F, +H3%4® HF+F (2.76)
is athree-atom exchange reaction with dynamics similar to those of the cold pumping
reaction. The heat of reaction and activation energy are 98.0 kcal mol™* and 2.4 kcal
mol, respectively (Cohen and Bott 1976). The significantly higher heat of reaction
comes from the breaking of the F-F bond, as opposed to the much stronger H-H bond in
the cold reaction, and results in population of vibrational levels up to v=9. The fraction

of molecules channeled into each vibrational band is (Manke and Hager 2001):

f, ., =0.04
f,., =0.08 -
fv=7 =0.14 0.22
fv=6 =0.28 014
011
f,s =0.22 0.06 0.08
=011 ot —
v=4 — VY-
f,-s =0.06 V=0 1 2 3 45 6 7 8 9
f,., =0.04
f,, =0.02
f,., =0.01

Because the increased exothermicity is spread over amuch larger range of vibrational
energy levels, the population inversion created in this case is not as strong as that created
by the cold pumping reaction.

A recent review of relevant HF laser kinetics by Manke and Hager (2001) gives
two temperature-dependent expressions for the rate constant of the hot pumping reaction.
One s attributed to Cohen and Bott (1982) and the other to Baulch (1981). At room

temperature these expressions differ by ~40% and in lieu of more information Manke and
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Hager chose to adopt the more widely used Cohen and Bott expression. However, more
recently Manke et a (2002) conducted an independent experiment in which they
measured a room temperature rate constant more in line with the Baulch value and
subsequently changed their recommendation. The recommended rate constant is then
given by (Manke and Hager 2001):

k(T) = f,1.46x10 e ™" [cm® molecules ™ s™] (2.77)
over the temperature range from 290 K = T = 570 K. At room temperature the overall rate
congtant (i.e., f,=1.0) for the hot pumping reaction is an order of magnitude slower than
the overal rate constant for the cold pumping reaction. Along with the weaker
population inversion, this greatly increases the difficulty of building a laser based solely
on the hot pumping reaction. The hot pumping reaction does help the population
inversion of the cold pumping reaction and provides a path for creating more F atoms
needed by the cold pumping reaction. However, population of the higher vibrational

levels also produces more pathways for vibrational deactivation.

223 R-REnergy Transfer
The R-R energy transfer between a ro-vibrationally excited HF molecule and a
collision partner changes the rotational level but not the vibrational level of the HF
molecule and is accompanied by a small energy release:
HF (v, j) + M 34® HF(v, j9+ M +DE (2.78)
where M represents nearly any flow species. Because the energy gap between the
rotational levelsis so small, the collision partners do not exchange significant energy.

The probability of a collision exchanging this small amount of energy is very high,
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corresponding to a rate constant that is very fast. Experimental and theoretical
investigations both show that the rotational relaxation rate constants are 10-100 times
larger than vibrational relaxation rate constants (Manke and Hager 2001). Therefore on
the vibrational relaxation time frame, the rotational levels can approximately be
considered in thermal equilibrium with the translational degrees of freedom. To a good
approximation, the ro-vibration energy distribution can be described by a Boltzmann
distribution of the rotational levels within each vibrational band. This alows asingle rate
constant to be assigned to reactions within each ro-vibrational manifold, thus greatly

reducing the number of state-to-state chemical reactions in the system.

224 V-V Energy Transfer

V-V energy transfer involves direct vibrational energy exchange between the
excited molecules and other vibrationally excited species (Yardley 1980). Typicaly one
molecular species increases one vibrational quantum level while the other decreases one
vibrational quantum level:

A(V) +B(v) 3#4® A(v- 1) +B(ve+1) + DE (2.79)

Multi-quantum level changes are generally allowed but typically occur at much smaller
rates. In these processes the total number of vibrational quantais conserved. If the
energy transitions of the two molecules are nearly resonant with each other, DE is small
and the reaction is only dlightly exothermic or endothermic. In this case the barrier to
the reaction is small and the reaction will have a large rate constant. If DE is large, the
tranglational modes of one of the collision partners must absorb (or release) a lot of

energy, greatly decreasing the probability of reaction and reducing the rate constant.



Near-resonant V-V energy transfers typically have much larger rate constants than
V-T energy transfers but smaller rate constants than those for R-R energy transfer
mechanisms. Asaresult, V-V energy transfers are a primary source of deactivation,
which will work to quickly establish a Boltzmann statistical distribution of the initially
inverted HF vibrational levels. Vibrational temperatures of the Boltzmann distribution,
which can be determined from Equation (2.69), can reach as high as 10,000 K in HF
lasers. Since the HF vibrationa energy is essentially isolated from the trandation energy
due to the much slower V-T rate constants, this vibrational temperature can be associated
with the population inversion created by the cold pumping reaction and is indicative of
the large heat of reaction alarge portion of which is deposited into the vibrational modes.
However, even at these very high vibrational temperatures the majority of the HF
molecules will be in the vibrational ground state (v=0) after equilibrium is reached
between the vibrational energy levels. V-V energy transfer will only occur between flow
species that can be vibrationally excited. This gives three possible V-V combinations:
HF(v)+HF(v), HF(v)+H, and HF(v)+F».

a. HF  HF molecules exchange vibrational energy through the reaction:

HF (v) + HF(v§ 3%4® HF(v +1) + HF(v¢- 1) + DE (2.80)
whereit isassumed that v' =v. For atrue harmonic oscillator, the vibrationa levels are
evenly spaced and therefore DE = 0 which would result in extremely fast rate constants.
The anharmonicity of the HF molecule creates unevenly spaced vibrational levels and

reduces the rate constant for V-V energy transfer (Manke and Hager 2001):

k(T)=45x10°(v+2)**T! [cm® molecules * s7] (2.81)
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At 300 K for v=2 this rate constant is about 50% larger than the cold pumping rate
constant into v=2. As more and more excited HF is produced by the pumping reaction,
the effect of deactivation will increase and eventually dominate the pumping reaction. It
is important to note that the rate constant has only been measured for v=v'=1 (i.e,,
HF(1)+HF(1)? HF(2)+HF(0)) and the measurements may include significant V-T energy
transfer contributions. As a result, the rate constant is highly uncertain for al vibrational
guantum numbers. This is very unfortunate because V-V energy transfer between the HF
vibrational bands is clearly a dominant deactivation mechanism and laser performance
will be sengitive to these rate constants.

b. H, Thetransition energies between v =0and v = 1 for H, and HF are 4160
cmt and 3962 cmi?, respectively. This makes the V-V energy transfer:

HF (D) +H,(0) 334® HF(0) + H, (1) + DE (2.82)
somewhat endothermic with an energy defect, DE = -198 cmit. This energy deficit can be
overcome by the translational energy of the collision partners, which is kT ~ 205 cm™* at
room temperature, resulting in a room-temperature rate constant of (Manke and Hager
2001):

k(T)=(5.2+0.4)x10** [cm® molecules ™ s™] (2.83)
The anharmonicity of HF increases the energy deficit for v = 2, which in turn decreases
the rate constant. Therefore, the dominant energy transfer mechanism for v = 2is
believed to be through V-T processes, which are discussed in the following section. In
lieu of more temperature-dependent data, the room-temperature rate constant is

recommended for reaction (2.82).
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c. F, Thetransition energy between v=0 and v=1 for F, is 893 cm' (Chase
1998). This creates a large energy deficit with HF and suggests a very low rate constant
for V-V energy transfer. Therefore V-V energy transfer by HF(v)+F; is not expected to
have a significant impact on HF laser kinetics. The V-T energy transfer between HF(v)

and F, is discussed in the following section.

225 V-T Energy Transfer

V-T energy transfer involves conversion of the vibrational energy of the excited
molecules into trangation energy of the collision partners (Yardley 1980). These
processes tend to be much slower than the other direct energy transfer mechanisms
because the collision partners have to absorb whole quanta of vibrational energy, which is
nearly 4000 cmi* for HF.

a. Sdf Deactivation  Deactivation of vibrationally excited HF by ground state
HF is aprincipal relaxation mechanism in the HF laser:

HF(v) + HF(0) %4® HF(v- 1) + HF(0) (2.84)

Figure 2.6 shows an example of the possible energy transfer routes for HF(v=2). The
possible mechanisms include “true” V-T relaxation (the solid arrow in Figure 2.6) and
near-resonant V-R redistribution (broken arrows in Figure 2.6). During a“true” V-T
relaxation process the rotational quantum number of the excited molecule remains fixed
while the vibrational level decreases. The released energy is transferred to the
trangational modes of the ground state quenching molecule. A near-resonant V-R
redistribution relaxes the excited molecule to alower vibrational level with a much

higher rotational level. Since the final state has nearly the same energy as the initial state,
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very little energy is transferred to the quenching molecule and as a result the rate of
reaction is very fast. The rotational levels of the lower vibrational manifold would then
be brought into thermal equilibrium by the very fast R-R energy transfer mechanism.
Regardless of the actual mechanism, the end result is the same and the rate
constant for the overall deactivation process has been determined as (Manke and Hager

2001):

K(T) =9.0x10" 2 A(WT *®  [cm® molecules * 5] (2.85)
where v is the vibrational quantum number of the initial energy state. The coefficients for
the different vibrational levels are given by (Manke and Hager 2001):

A(1)=12.0

A(2)=218.0

A(3)=315.2

A(4)=764.0

A(5)=1610.3

A(6)=3107.0

A(7)=4339.0
Although multi-quantum vibrational level changes are possible, the mgjority of evidence
indicates that they account for a very small fraction of the total relaxation rate and
therefore only single vibrational quantum transitions will be tracked. At 300 K, the self-
deactivation rate constant for v=2 is actually 50% larger than that for the cold pumping
reaction into v=2. Fortunately, the cold pumping reaction does not populate the v=0
level, so self-deactivation has to wait until some other mechanism creates ground state
HF before it can begin to compete with the pumping reaction.

b. H, TheV-T energy transfer between molecular hydrogen and HF is given

by:

HF(v) +H, 3%4® HF(v- 1) +H, (2.86)
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Figure 2.6 HF(v)+HF? HF(v-1)+HF energy transfer routes. Solid arrow represents
“true’” V-T energy relaxation process. Broken arrows represent near-resonant V-R
energy transfer.

Experimental investigations have shown the rate constant of this reaction to be

independent of temperature (Manke and Hager 2001):
k=AV)Ix10*  [cm® molecules ' s™] (2.87)
where the vibrational quantum level specific coefficients are given by (Manke and Hager
2001):
A(2)=0.2+0.1
A(3)=0.35+0.04
A(4)=0.50£0.2
A(5)=1.6£0.3

A(6)=3.5£1.0
A(7)=9.1£2.7
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The rate constant for the deactivation of HF(v=2) is ~2x10'*3, which is two orders of
magnitude smaller than the rate constant for the cold pumping reaction into v=2.
However, the H, flow rate is typicaly set much higher than the stoichiometric
requirement for the pumping reaction in order to speed the rate of reaction. The excess
H, will increase deactivation by the above process.
c. Hatoms H atoms can remove vibrationally excited HF from the flow by
reactive quenching and by V-T energy transfer:
HF(v) + H3%4® HF(v- 1)+H (2.88)
Here again multi-quantum vibrational energy level changes are possible but at a much
lower rate and are therefore ignored. The rate constant is then given by (Manke and
Hager 2001):
K(T) =1.7x10 8 AW)T * +1.7x10 *B(v)e *¥"  [cm® molecules * s*]  (2.89)
where the vibrational quantum level specific coefficients are (Manke and Hager 2001):
A(1)=0.0 B(1)=04
A(2=00 B(2)=0.7
A(3=14 B(3)=0.7
A(4)=2.0 B(4)=0.7
A(5)=2.7 B(5)=0.7
A(6)=35 B(6)=0.7
At 300 K and v = 2, k~10"*3 which is two orders of magnitude smaller than the rate
constant for the cold pumping reaction. However, k~10"! for v = 3 at 300 K making the
deactivation of HF(v = 3) into v = 2 much faster than deactivation of HF(v = 2) intov = 1.
This energy transfer process therefore actually helps the population inversion. Also,
since H atoms are produced by the cold pumping reaction, they are present at the

formation of the excited HF making a collision highly probable. This reaction essentially

takes all of the HF(v = 3) and very quickly putsitin v = 2. Since the cold pumping
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reaction channels 30% of the HF into v = 3, this reaction could have an enormous effect
on both the fundamental and overtone gains.

The rate constants presented here are based on the experiments of Heidner and
Bott (1978). The only other experimental investigation into reaction (2.88) is by
Bartoszek et al (1978), which refutes some of the previous claims. Heidner and Bott used
laser-induced fluorescence to monitor the removal rate of HF(v=3) mixed with varying H
atom concentration. They attributed the total HF(v=3) removal rate to a combination of
reactive quenching (H+HF(v=3)? H»+F) and vibrational deactivation
(H+HF(v=3)? H+HF(v=2)). After calculating the reactive quenching rate constant from
the equilibrium constant and the cold pumping reaction rate constant, the vibrational
deactivation reaction was shown to account for ~80% of the total HF(v=3) removal.
Bartoszek et a conducted a smilar experiment in which they monitored the
chemiluminescence of HF(v=3) and HF(v=2) and determined the relative rate constants.
These experiments did not show an increase in HF(v=2) signal corresponding to HF(v=3)
removal, thus calling into question vibrational deactivation as the dominant reaction path.
Over the past 25 years most HF laser kinetics models have used some form of the
Heidner and Bott relation and in lieu of more data it will also be adopted here.

d. Fatoms F atoms deactivate vibrationally excited HF according to:
HF(v) + F3%4® HF(v- 1)+ F (2.90)
with arate constant of (Manke and Hager 2001):
k(T)=2.7x10 *ve ™" [cm® molecules * s™] (2.91)
wherev isthe vibrational quantum number. k~103 for v=2at 300 K. Thisagain is two

orders of magnitude smaller than the pumping rate constant. However, since F atoms are
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also present at the formation of the excited HF, they could play akey role by creating
initial concentrations of ground state HF that begin the very fast self-deactivation
mechanism.
e. Heand F,  He and fluorine molecules can deactivate excited HF
according to:
HF(v) + M 3%4® HF(v- )+ M (292
with a rate constant given by (Manke and Hager 2001):

k(T) =1.7X0* AM)VT**  [cm® molecules *s™] (2.93)
where M= He or F, and the species specific coefficients are given by (Manke and Hager
2001):

A(He)=3.7

A(F»)=2.0
Both of these rate constants are on the order of 10" at 300 K for v=2. F, is present in the
laser due to incomplete dissociation in the discharge tube. In genera the dissociation
fraction is high making the F, concentration a small fraction of the F atom concentration
further reducing the F, deactivation effect. He, on the other hand, is the biggest
constituent of the flow with concentrations 100 to 1000 times greater than any other flow
species. This givesthe rate of deactivation by He the same order of magnitude as

deactivation by F atoms. Therefore He may also play arole in the initial production of

ground state HF.

2.2.6 Reactive Quenching

Reactive quenching of HF by H atoms:

H + HF(v) 3%4® H,(v) +F (2.94)
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isthe reverse of the cold pumping reaction and therefore described by the same potential
energy surface. Figure 2.4 shows that the barrier for v=0, 1 or 2 is very large suggesting
very dow reaction rates. The rate for the higher vibrational levelsis given by (Manke

and Hager 2001):

k(T) =3.0x10 T "% *T  [cm® molecules *s?] forv=3 (2.95)

K(T) = g(v,v§1L.0x10 e ®?T  [cm® molecules *s?] forv=4-6  (2.96)
9(4,0=05 9(4,1)=0.5
9(50)=05 g(51)=10
9(6,0=05 = g(6,1)=05 g(6,2)=15

At 300 K, k~10"* for v=3 and is twice as large as the rate for the cold pumping reaction
into v=3. Thisindicates that the reactive quenching barrier is smaller than the barrier for
the cold pumping reaction into v=3. However, as discussed previously, the H atom
concentration is small and therefore not likely to have a significant affect on laser
performance. In addition, the reactive quenching does not directly affect the population
of HF v=2 and v=1 which is the primary population inversion. Furthermore, a benefit of

reactive quenching is the creation of an additional F atom source. The higher HF

vibrational levels are converted into F atoms that can react to produce more HF(v=2).

2.2.7 Fluorine Dissociation and Recombination

Few parameters are as important to HF laser performance as the efficiency of F
atom generation. The complex interplay of thermal F, dissociation, three-body F atom
recombination, and heterogeneous (wall) recombination determines the initial F atom

concentration, and thus the maximum concentration of vibrationally excited HF.
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The thermal dissociation of fluorineis:

F, + DE- 3‘/&6%@ F+F (2.97)
where DE is the dissociation energy and Kequi is the equilibrium constant. The
dissociation energy for molecular fluorine is firmly established at 36.94+0.14 kcal mol™*
(Vasiliev et al. 1999). Likewise, the equilibrium constant has also been firmly

established (Vasiliev et al. 1999):
Keu =1.855x10'e ™" [mole cm®] (2.98)

The equilibrium constant is the ratio of the forward and reverse rate constants. The large
negative exponentia factor indicates that the temperature must be very high in order to
drive the reaction to the right and get substantial thermal dissociation. The discharge
tube used in this research does not thermally dissociate the F, as described by Equation
(2.97). Instead it uses the kinetic energy of a stream of electrons to bombard the fluorine
and break it apart. Thisis an extremely complex problem in plasma physics and no
attempt is made here to model this process. A titration experiment (discussed in Section
3.4) isinstead used to measure the dissociation fraction of the fluorine exiting the
discharge tube and attention is turned to the chemistry within the nozzle and laser cavity.
F atoms can recombine to form fluorine molecules through three body collisions:
F+F+M3®® F, +M (299
Because of their complexity, these processes have not been well characterized. For the F
atoms to recombine they must collide with a third body at nearly the same instant and

deposit the dissociation energy, suggesting very slow rate constants. The accepted rate

constant is given by (Manke and Hager 2001):

k=AM)x10* [cm®molecules *s™] (2.100)
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where M= He or F, and the species specific coefficients are given by:

A(He)=6x1
A(F2)=4.7+1.2

Therefore, recombination of F atoms as they travel from the discharge tube through the

nozzle throat to the laser cavity should not be significant.

2.2.8 ReverseReactions
All of the reactions previously discussed can, to a greater or lesser degree,

proceed in forward or reverse directions:
V,A+Vv,B#® v.C +v,D (2.101)
where vp, Vg, V¢ and vp are equilibrium stoichiometric coefficients. The equilibrium

constant, Kequi, IS the ratio of the forward and reverse rate constants (Cengel and Boles

1994):

equi

kf
Ko = 1 (2.102)

The equilibrium constant can be written in terms of the Gibbs function for the reactants

and products:
K., =g O/ (2.103)
where:
DG* (T) =V G (T) +VpTp(T) - VaAGA(T) - Vg T5(T) (2.104)
and g (T) represent the Gibbs function for component i at 1 atm pressure and

temperature T. Therefore by knowing the forward rate constant and the state properties

of the reactants and products, the rate constant for the reverse reaction can be determined.
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Table 2.4 HF laser chemical kinetic rate constants (center column). Equations give rate

constants in units of cnt molecules® s* (Manke and Hager 2001).

Cold Pumping Reaction

F+Hy? HF(v)+H

Hot Pumping Reaction

190K £T £376K
1.1+ 0.1x10 0 g(v) e “45esorT

376 K <T
2.2+ 0.4x10 g (v)e om0

g(0)=0.0 g(1)=0.15
g(2)=0.55 g(3)=0.30

H+F,? HF +F

V-V
ener gy transfer

5.0x10" 15T 15¢ 84T

HF(1)+H(0)? HF(0)+H2(1)

5.2+0.4x10™ "

HF(v)+HF(')? HF(v+1)
+HF(V'-1)

V-T energy transfer

45x10°(v+1) T !

HF(v)+HF? HF(v-1)+HF

ps 8RT AWV)T 3
pm

A(1)=12.0 A(2)=218.0

A(3)=315.2 A(4)=764.0

A(5)=1610.3 A(6)=3107
A(7)=4339

HF(v)+H? HF(v')+H

1.7x10° 8 A(V)T "1 +
1.7x102 B(v)e 9T

A(3)=14 A(4)=2.0
A(5)=2.7 A(6)=35
B(1)=0.4 B(2-6)=0.7

HF(V)+F? HF(v-1)+F

2.7x10 " g(v)e 97

g(v)=v

HF(v)+M? HF(v-1)+M

1.7x10°2° A(M)VT*3

A(Fz):20
A(He)=3.7

HF(V)+H,? HF(V')+H,

Reactive Quenching

1.0x10 " A(v)

A(2)=0.2+0.1

A(3)=0.35+0.04
A(4)=0.50+0.2
A(5)=1.6+0.3
A(6)=3.5+1.0
A(7)=9.1+2.7

HF(V)+H? Ha(V)+F

F atom recombination

3.0x10 T ¥ y=3
g(v,v§1.0x10 e ®7" y=4-6

9(4,0=05 g(4,1)=0.5

9(50=0.5 ¢(5,1)=1.0

9(6,0=0.5 g(6,1)=0.5
6,2)=15

F+F+M? F2+M

AM)x10*

A(He)=6x1

A(F)=4.7+1.2
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Table2.5 HF laser chemical kinetic rate constants at 300 K. Equations give rate

constants in units of cnt molecules® s* (Manke and Hager 2001).

V-V energy transfer

Cold Pumping
reaction
F+H,? HF(v)+H 1.35x10"* v=2
Hot Pumping
reaction
1.03x10" v=2
9
H+F? HF +F 7.24x10°13 V=6

HF(1)+Hx(0)? HF(0)+H2(1)

52+0.4x10°"

HF(v)+HF(v)? HF(v+1)
+HF(v'-1)

V-T energy transfer

2.20x10° 1%

v=2

HFE(V)+HF? HF(v-1)+HF 2.05x101 v=2
37108 v=2
? -
HF(v)+H? HF(v-1)+H 8 ox 10l V=3
HF(v)+F? HF(v-1)+F 5.82x10 v=2
1.76x10 " v=2, He
2 - ,
HF(v)+M? HF(v-1)+M 0 5 101 V2 E,

Reactive Quenching

<
l

HF(V)+Hp? HF(v-1)+Hp 2.0x10"3 2
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HF(v)+H? Ha(V)+F 2.33x10™ v=3
F atom recombination
6x103* He
o
FFM? FotM 4.6x10°% F




2.3 Hydrodynamic Mixing in HF lasers

In the previous section the V-T and V-V energy transfer mechanisms that compete
with stimulated emission for the energy stored in the population inversion were shown to
be as fast as, and in some cases faster than, the primary cold pumping reaction.

Therefore, in order to construct an effective laser system, an injection scheme must be
devised that quickly mixes the fuel and oxidizer inside the optical cavity and then quickly
removes the spent reactants. Expanding the F atom flow through a converging-diverging
nozzle and injecting the H, through a series of small holes in the supersonic region of the
nozzle typically accomplishes this (Grosh and Emanuel 1976). The efficiency of the
laser system therefore strongly depends on the rate of mixing and consequently, the
optical, kinetic, and gas dynamic processes within the laser are coupled. The primary
mechanisms that affect the rate of mixing in the optical cavity are molecular diffusion,
turbulence and large-scale vortex structures. These mechanisms are in turn influenced by
heat release from the cold pumping reaction, shear stresses between injected and primary
flows, and the flow pressure, density, temperature and viscosity.

In addition to providing a means to rapidly mix the fluorine oxidizer and hydrogen
fued flows, the nozzle is al'so designed to produce supersonic flow at a temperature and
pressure substantially lower than that in the combustor or discharge tube. This lowers the
reactant concentrations and therefore slows the rates of reaction for the cold pumping and
deactivation mechanisms to alow more time for the reactants to mix. The nozzle thus
establishes the appropriate pressure, temperature and composition of reactants in the laser

cavity. The large nozzle exit velocity produced by the supersonic expansion stretches the
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lasing-zone in the downstream direction and provides the potential for pressure recovery
reducing the required pumping capacity.

Heat generated by the cold pumping reaction causes the pressure and temperature to
increase and the supersonic Mach number to decrease. If the Mach number decreases to
unity, thermal choking of the flow occurs and a strong shock system develops that forces
the upstream flow to readjust. The shock system will reduce the flow velocity and
increase the static pressure and temperature. This compresses the gain region by
speeding up the reaction kinetics while reducing the flow velocity and the rate of mixing
resulting in a dramatic drop in laser efficiency and power (Grosh and Emanuel 1976).
Thermal choking of the flow can be avoided by providing a base relief region or by
increasing the diluent ratio to absorb the excess heat generated by the pumping reaction.
A base relief region istypicaly arear-facing step in the nozzle contour just downstream
of the hydrogen injection location so that the nozzle flow expands into a larger cavity. A
small subsonic diluent flow is typically used as a purge for the base relief region to
prevent recirculation of the reactants. A nozzle with base relief has the added complexity
of free expansion of the nozzle flow, which will create an oblique shock/expansion fan
system that can only be eliminated by pressure matching the nozzle and laser cavity. For
a fixed nozzle geometry, pressure matching can only occur for a single set of flow
conditions and is thus very difficult to attain in practice. Therefore, some oblique
shock/expansion fan structure is likely to occur in an HF laser cavity that utilizes base

relief.

59



2.3.1 Transverselnjection Vortex Structures

HF lasers typically utilize a nozzle geometry in which the H, is transversely
injected through a series of sonic injectors into the supersonic F atom flow. This type of
injection scheme produces a complex 3-dimensional flow field containing several
different types of vortex and shock structures. The mixing qualities of transverse
injection in crossflow have been extensively investigated at high Reynolds number in the
compressible regime (Blanchard et al. 1999; Gruber et al. 1997; Hollo et al. 1994) and at
low Reynolds number for incompressible flows (Fric and Roshko 1994; VanL erberghe et
al. 1999). The injectant stream in these experimenta investigations were al injected
perpendicular to the crossflow whereas the HF laser fuel istypically injected at a shallow
angle. The shallow angle injection will reduce the strength of the vorticity generated by
the shear between the injected stream and the crossflow but should produce similar
vortex structures.

Figures 2.7 and 2.8 show schematics of an under-expanded transverse jet injected
perpendicular into a supersonic crossflow. The disturbance in the crossflow caused by
the jet creates a bow shock that curves around the plume of the jet and interacts with the
crossflow boundary layer producing a separated flow region upstream of the jet. The
under-expanded jet accelerates through a Prandtl-Meyer expansion fan and is then
compressed by a barrel shock and Mach disk. The jet plume is quickly bent toward the
downstream direction by the momentum of the crossflow. In the near field of the jet,
where the three-dimensional interaction between the jet and crossflow is most intense,

there are four discernable vortex structures: (i) jet shear-layer vortices (ii) a system of
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Figure 2.7 Shock and vortex structure of transverse sonic injection into supersonic
crossflow.
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Figure 2.8 Side view of transverse sonic injection into a supersonic crossflow.
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horseshoe vortices; (iii) a counter-rotating vortex pair (CRVP); and (iv) wake vortices
(Fric and Roshko 1994). The jet shear-layer vortices are the result of the Kelvin-
Helmholtz instability of the annular shear layer that forms between the jet plume and the
crossflow as the jet fluid passes through the oblique shocks defined by the sides of the
barrel shock. Thisannular shear layer creates a system of small-scale vortices around the
periphery of the jet plume that contribute to the mixing between the jet and crossflow by
actively entraining freestream fluid. The horseshoe vortex system forms upstream of the
injection point near the wall and wraps around the jet and trailing downstream where it
interacts with the wake vortices. The horseshoe vortices are created by the reverse flow
resulting from the adverse pressure gradient caused by blockage of the crossflow by the
jet in the boundary layer upstream of the injection point. These vortex structures are
similar to the horseshoe-vortex system that forms around the base of a wall-mounted
circular cylinder.

The dominant vortex structure that develops in the jet is the counter-rotating
vortex pair (CRVP). In most regards the CRV P can be considered the structure that
actually defines the boundary of the jet plume. The CRVP is formed when the crossflow,
which is deflected laterally around the jet, shears the jet fluid along its edges and folds
the face of the jet over itself. These large-scale vortices entrain the freestream fluid into
the jet transporting coherent packets of fluid from above the jet into the wake region
downstream of the barrel shock where small-scale instantaneous mixing occurs.

The wake vortices are tornado-like structures that connect the CRVP to the
boundary layer and have some characteristics similar to the periodic vortices shed in the

wake of asolid cylinder in crossflow. The most notable difference between the wake
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vortices of ajet in crossflow and a circular cylinder in crossflow is that the plume of the
jet follows the wake downstream. Therefore, as the vortical structure convects
downstream it stretches across the widening gap between the jet and the wall. Fric and
Roshko (1994) determined that the vorticity in the jet wake is not shed from the jet itsdlf,
as it would be from a solid cylinder, but instead originates in the separation of the
crossflow boundary layer caused by the adverse pressure gradient created by the
disruption of the crossflow by the jet (Fric and Roshko 1994). The ‘ separation event’ on
the crossflow wall occurs alternately on each side of the jet and results in eruptions of the
horseshoe vortex away from the wall. Once the horseshoe vortex separates from the wall
it rotates perpendicular to the wall with one end becoming entrained into the jet and the
other end remaining attached to the boundary layer creating the distinctive tornado-like
structure of the wake vorticity. This fundamental difference has profound impact of the
mixing qualities of ajet in crossflow and in particular the transition of the coherent
vortex structures that dominate the near field into small-scale turbulence that dominate in

the far fidld, which is discussed in the next section.

2.3.2 Turbulence

It is very difficult to give a precise definition of turbulence. Listing some of the
characteristics of turbulent flowsistypically al one can do to gain insight into the effect
that turbulence has on the flow field. Turbulence is random and inherently three-
dimensional in nature making deterministic solutions to realistic turbulent flows
impossible. Turbulence is diffusive and dissipative. Turbulence can quickly diffuse

throughout the flow field, however turbulence will dissipate quickly without a source of
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energy to fuel the motion. Turbulent flow fields typically originate from instabilities in
laminar flows that grow as the Reynolds number increases. The laminar instabilities are
related to interactions between viscous and non-linear inertial terms in the equations of
motion (White 1991).

Turbulent motion within a flow field can smultaneously exist on several length
scales, al of which are much smaller than the length scale of the bulk fluid motion. Itis
this small-scale random motion that gives turbulence its diffusive characteristic, which is
the most important feature with respect to mixing. The diffusivity of turbulence allows it
to transport or mix momentum, Kinetic energy and species concentrations at rates several
orders of magnitude greater than the rates due to molecular diffusion alone (Tennekes
and Lumley 1972). However, the viscous shear stresses produced by the mixing motion
of the turbulence perform deformation work that increases the internal energy of the fluid
at the expense of the turbulent kinetic energy. The turbulence therefore needs a
continuous supply of energy to make up for the viscous losses. This energy is typically
supplied through shear stresses that result from the large-scale bulk motion of the flow
field.

The dimensionless parameter governing the transition between laminar flow and

turbulent flow is usually represented by the Reynolds number:

Re = VL (2.105)

m
wherer isthe loca fluid density, V is the streamwise velocity, mis the local viscosity and
L is acharacteristic length scale of the flow field. The Reynolds number indicates the

ratio of inertia forces to viscous forces. At high Reynolds number the inertia forces

dominate and the flow is turbulent. At low Reynolds numbers the viscous forces
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dominate and the flow is laminar. The magnitude of the Reynolds number at which a
flow transitions from laminar to turbulent is referred to as the critical Reynolds number
and is afunction of the flow field geometry. When discussing transition, the
characterigtic length scale is typically defined as the streamwise distance from the point
of flow field disturbance (i.e., leading edge for flow over aflat plate). The Reynolds
number therefore increases in the downstream direction and the critical Reynolds number
defines the downstream location where the flow field transitions to turbulent. HF laser
cavities operate at very low pressures, typically 2 to 20 torr, resulting in low cavity
densities and therefore low Reynolds number. As aresult, the laser cavity can be
expected to be laminar over relatively long distances downstream of the injection point.
In HF lasers that utilize base relief to prevent thermal choking, there are two shear
flows. Oneis between the injected H, and F atom flow streams inside the nozzle that
produce the complex vortex structures described in the previous section and the other
occurs between the supersonic nozzle flow and the subsonic purge flow used to fill the
base relief region.  According to stability analysis, these types of free shear flows are
unconditionally unstable at al Reynolds numbers and it is therefore difficult to establish
a streamwise transition location (White 1991). The mixing layer between the base purge
and the primary nozzle flow can be approximated as a planar two-dimensional mixing
layer, which reaches a self-similar profile at Re™ 40,000 based on downstream location
(Tennekes and Lumley 1972). In the self-similar region the mixing layer spreads linearly
as the flow moves downstream and preferentially grows into the slow side of the mixing
layer. However, at the flow conditions inside the HF laser cavity, self-similarity will not

be achieved until about 50 cm downstream of the NEP, or well downstream of the active
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gain region of the flow field. The interaction between the base purge flow and the nozzle
flow is therefore in atransitional regime making it very difficult to predict the growth
rate of the mixing layer.

Growth of instabilities and subsequent transition to a turbulent flow regime of the
coherent vortex structures created by the transverse injection scheme are the result of a
very complex interaction of the large-scale and small-scale vortex structures within the
flow field (Blanchard et al. 1999; Camuss and Stella 2002). For high Reynolds number
(Re" 10°), transverse injection into a Mach 2 crossflow, the transition of the dominant
mixing mechanism from vortex-driven mixing in the near field to small-scale turbulent
mixing in the far field, has been found to occur in the region 8 to 10 diameters
downstream of the injectors (Gruber et a. 1997; Hollo et al. 1994). At low Reynolds
number (Re™ 10%) in the incompressible flow regime, coherent large-scale vortex
structures have been observed 60 injection diameters downstream (Blanchard et al.

1999). The Reynolds number of the HF laser cavity can be expected to lie somewhere
between these two flow regimes and have the additional complications of compressibility
and heat release from the cold pumping reaction. Compressibility should have a
stabilizing effect on the vortex structures within the flow field (Givi et a. 1991; Gruber et
a. 1997). Thisdelays turbulent transition leading to suppressed mixing and, therefore, to
reduced reaction conversion rate. Because of the high diluent to reactant ratio of the
experimental conditions in this investigation, heat release from the cold pumping reaction
has arelatively small effect on the bulk temperature of the flow field. However, local
heating within the flow field may be significant. The local hesat release will lead to

volumetric expansion of the coherent vortex structures creating a small rate of mixing
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increase in the near field while suppressing turbulent transition and therefore reducing the
rate of mixing in the far field (Givi et a. 1991). Therefore the combination of low
Reynolds number, heat release and compressibility make it difficult to determine whether
or not the large-scale vortex structures dissipate or transition to a fully turbulent flow
field. To provide a definitive answer to this question, visualization of the flow field and,
if possible, velocity field measurements would be required.

The near field vortex structures appear to be dependent on the injection geometry
while the far field turbulent mixing is insengitive to the injection geometry (Hollo et al.
1994). This suggests that the best way to increase the overall mixing rate of the entire
flow field is to maximize vortex generation in the injector near field. At a given injection
velocity, shear stress and vorticity will increase as the injection angle in increased with
respect to the crossflow direction. However, since the downstream momentum that the
jet acquires must come at the expense of the crossflow momentum, increasing the
injection angle will also increase total pressure loss and lower the freestream velocity.
This creates a major tradeoff decision when applying transverse injection to HF laser
systems. Increased vortex generation will increase the near field mixing rate tending to
increase the F atom utilization and improve laser performance. However, the
corresponding loss of downstream momentum will compress the streamwise gain
distribution thus shifting the location where deactivation begins to dominate the kinetics
closer to the injection point and decrease laser performance. Therefore, the maximum
allowable H, injection angle in HF laser nozzles depends on the crossflow Mach number.
This restricts the transverse Hy injection in HF laser nozzles to very shallow injection

angles.
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2.3.3 Binary Diffusion

At the smallest scale, the mechanism that brings a fluorine atom and hydrogen
molecule together inside an HF laser cavity so that the cold pumping reaction can occur
ismolecular diffusion. Diffusional mixing occurs on the smallest length scalesand is
typically much slower than bulk fluid mixing produced by turbulence or large-scale
vortex structures. However, the large concentration gradients found in HF lasers can
produce substantial diffusional velocities that are particularly important in the highly
viscous HF cavity flow field in which turbulence is likely to play asmall role. In
computer modeling of the COIL flow field, which has many similarities to the HF laser
cavity flow field, Madden has shown that an accurate description of molecular diffusion
is essential to predicting cavity gain distributions (Madden 1997).

The driving potential of molecular diffusion can be supplied by concentration,
pressure, or temperature gradients. An externa force that does not act equally on al the
components of the flow can also cause a diffusional mass flux but this situation is not
applicable to the HF laser flow field. Thermal diffusion coefficients are typically very
small and are therefore neglected in most situations unless the temperature gradients are
unusually large. Even the temperature gradients created by injecting room temperature
H, into the high temperature F atom flow from the combustor or discharge along with the
heat release from pumping reaction are not expected to contribute significantly to the
overdl diffusional mass flux. Thisis particularly true for the conditions investigated here
in which the reactant flows are highly diluted with He. Pressure gradients are also

expected to be small except in the injection region where a 2:1 pressure ratio must exist
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for sonic injection to be achieved. Therefore, most of the flow field will be dominated by
diffusional mass flux created by concentration gradients.

The diffusional mass flux of each flow species can be formulated in terms of the
multi-component diffusion coefficients and the gradients of the driving potentials
(Hirschfelder et a. 1954). However, the multi-component diffusion coefficients that
depend on the concentration of each flow species are not typically known. A more
convenient formulation is represented by the Stefan-Maxwell equations, which relate the
multi-component diffusion coefficients to the more readily available binary diffusion
coefficients and the diffusion velocity of each species (Hirschfelder et al. 1954). This
calculation can be rather cumbersome because it requires the solution of an NxN linear
system of equations for the diffusion velocities, where N is the number of flow species.
Bird et al (1960) outlines a procedure for replacing the binary diffusion coefficients with
aset of effective binary diffusion coefficients. In this procedure the velocity of the it"
component is calculated assuming an average velocity for the remaining (N-1) flow
components. In diffusion model studies for a COIL flow field, Crowell (1983; 1989) has
shown that the effective binary diffusion model isin excellent agreement with the more
detailed Stefan-Maxell equations. The 2-D CFD code used to predict the small signal

gain as described in Chapter 4 uses the effective binary diffusion model.
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Chapter 3
Experimental Apparatus and Procedure

The HF laser device and optical diagnostic system used to measure the small
signal gain are described in the following sections. The laser nozzle design and
experimental conditions are very similar to those of Sentman and co-workers (Carroll et
al. 1993; Sentman et a. 1989b). The two most important differences are that in this
research a dit nozzle rather than a nozzle bank is used, and the discharge used 20% F» in
helium rather than SFs + O, as the F atom source. The significant advancement in this
research is the use of a sub-Doppler tunable diode laser source to probe the HF overtone
trangitions. Previous investigations used a commercially available arc-driven HF laser as
a probe stabilized and locked to the line center of one of alimited number of HF overtone
lines. These systems proved difficult to use and without the ability to resolve the
trangition lineshape, lead to ambiguous or deceptive answers when making comparisons
with computational fluid dynamics calculations. The diagnostic system used in this
research provided high fidelity, spatially resolved small signal gain data for individual

HF ro-vibrational lines.

3.1 HF Laser Device

A small-scale HF laser was constructed by the Air Force Research Laboratory
Chemical Laser Branch to generate an inversion on the first overtone frequencies of HF
at 1.27 - 1.40 mm (Wisniewski et a. 2003a). The principal component of the laser was a

5
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Figure3.1 Assembly diagram for the dlit nozzle HF laser device. Fluorine atoms are
generated by the discharge tube and enter the plenum region before passing through the 3
mm high dit nozzle. Laser mirrors or glass windows can be mounted along the sides of
the cavity to accommodate laser demonstrations or gain measurements, respectively.

cm wide supersonic dlit nozzle, where F atoms generated by a discharge tube reacted with
molecular hydrogen to generate vibrationally excited HF. A schematic representation of
the experimental apparatus is shown in Figure 3.1 along with a photograph in Figure 3.2.
The top and bottom nozzle blocks form the throat of the supersonic nozzle while the bank
blower nozzle blocks form the sides. Each bank blower is a Mach 5 nozzle that was
designed to create an aerodynamic curtain between the laser cavity flow and the mirror
tunnel to prevent the reactive laser flow from reaching the resonator optics. The mirror
tunnels extend perpendicular from the laser cavity and mate with the resonator bellows

mount assembly. The resonator could be repositioned in the flow direction by loosening

the bolts in the adapter plates and diding the assembly along the dotted holes. The fine
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Figure 3.2 Photograph of H laser device.

threads of the 2-axis gimbals on the bellows mount assembly allowed the resonator to be
precisely aligned. The assembly adapter plate and bellows mount assembly were
replaced with 2.5° wedged windows to allow probe beam access to the laser cavity. The
internal laser cavity was 2.85 cm high and extended 13 cm downstream of the nozzle.
The discharge tube was powered by a 3mA 10kV power supply. It was supplied
with fluorine molecules from a gas cylinder that was 20% F, and 80% He by volume.
This flow was further diluted with He before injection into the cathode end of the
discharge tube. An additional small He purge was always maintained in the discharge
tube cathode to prevent the tube from overheating when the power was turned on but the

fluorine flow had not reached the tube. The pressure in the discharge was controlled by
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the primary He diluent flow injected downstream of the discharge anode but upstream of
the nozzle throat. The discharge tube had afairly narrow range of operating pressures
and was kept between 25 and 30 torr for al fluorine flow rates. Circulating chilled water
through an external water jacket actively cooled the discharge tube. The combination of
fluorine and He diluent and purge flows exiting the discharge tube are referred to as the
primary flow and the pressure in the discharge tube is termed the plenum pressure.
Figure 3.3 shows the view from the downstream end of the nozzle looking back
into the plenum region. The dlit nozzle is 5cm wide and has a 2.96 mm throat height that
expands with a 20° half angle to 9.56 mm at the nozzle exit plane (NEP). Asthe primary
flow expands through the nozzle it encounters two rows of injectors on the top and on the
bottom of the nozzle. The first row injects He into the primary flow of F atoms, F, and
He and is referred to as the secondary He injection flow. In some references the
secondary He injection is described as a mechanism to increase mixing and in other
references it is designed to shield the primary F atom flow from the H, flow within the
nozzle. The second row injects Hy fuel into the primary flow. H, issupplied by gas
cylinder and is diluted with He before injection. The He diluent flow rate varied
depending on the H, flow rate with the intention of keeping the momentum of the total
injected flow constant. The injection holes have 0.508 mm diameter and there are 28 in
each row on the top and on the bottom of the nozzle for atotal of 56 secondary He
injectors and 56 H, injectors. The injection holes are drilled through to plenum regions
inside the nozzle block that are supplied with pressures high enough to ensure sonic

conditions at each injection point. The secondary He injection and diluted H; flows were
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Figure 3.3 HF laser supersonic nozzle. View isfrom the downstream direction looking
back up the nozzle into the plenum region. Near side Bank Blower nozzle block is not
shown. Origin of axis system is shown at the NEP on the vertical centerline.
injected into the primary flow at a 15° angle to the horizontal. Due to this shallow
injection angle, the injected flows do not penetrate to the nozzle centerline. The absence
of H, at the nozzle centerline is evident by zero measured gain at the nozzle centerline
near the NEP. Figure 3.4 shows the important dimensions of the nozzle injection
scheme.

The primary reaction of F+H, is highly exothermic and could cause thermal
choking of the flow. To alleviate this, the flow is alowed to expand into a rearward-
facing step at the NEP. The step is 9.45 mm deep at top and at bottom and is referred to

as the base relief region. A small He purge flow is injected into this base region to

prevent recirculation of the primary flow in the corner. The base relief region at the top
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Figure 3.4 Side view of important nozzle injection dimensions.

of the cavity has four rows of evenly spaced 0.37 mm diameter holes with 28 holes in
each row, with an identical arrangement at the bottom of the cavity. This nozzle/injection
scheme is designed to approximate two-dimensional behavior to help smplify the

modeling requirements.

3.1.1 Fluid Supply and Vacuum System

The 10 separate flows used when operating the laser device with their designated
names and descriptions are listed in Table 3.1. A schematic of the injection locations of
these flows, with the exception of the bank blower and tunnel purge flows, is shown in
Figure 3.5. F, and H, are supplied to the device from gas cylinders secured in coffins
outside the lab while He is supplied from the facility high-pressure system. Switches

from a control panel actuate each flow remotely. Controlling the pressure upstream of a
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Table 3.1 Description of laser flow species. Injection location of each species is shown

in Figure 3.5.
Flow Flow .
designation Name Description

He flow injected into the upstream end of the

MFHEL Cathode He discharge tube just downstream of the cathode.

MEHE? F, diluent He flow mixed with MFFOL1 flow before injection into
discharge tube.

Primary He He flow injected into the discharge tube just upstream
MFHE3 , .
Diluent of the primary nozzle.
MEHE4 Secondary He  Total He flow injected through first row of holesin
Injection primary nozzle.

MEHES H, diluent Ir_1|oez lelzw mixed with MFH21 before injection into

MESRD Base Purge Flow Total He flow injected into base purge region at the
nozzle exit plane.

MECUR Curtain Elow Total He flow to the two bank blowers on either side
of the nozzle.
Tota He flow to the two mirror tunnels on either side

MFTUN Tunnel Purge of the laser cavity.

MFFO1 F> 20% F, and 80% He flow injected into discharge tube.

5 —
MEH21 H, Total 100% H, injected through second row of holes

in primary nozzle.

MFFO1

MFHE1

MFHE2

A

| MFHE5| | MFSRD |

MFHE3

Discharge tube

Laser Cavity

Nozzle Throat

Figure 3.5 Schematic diagram of flow injection locations. Bank blower and tunnel
purge flows not shown. Flow designations are described in Table 3.1.
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sonic orifice sets the flow rate of each species. Figure 3.6 shows a schematic of the
control system for an individua flow species. A signa from the data acquisition/control
computer commanded the proportion air to load the top of the dome regulator to a
specified pressure. The pressure on top of the dome regulator controlled the pressure in
the fluid supply line. The species flow rate was determined by monitoring the pressure
and temperature upstream of the sonic orifice. The data acquisition/control computer
recorded and displayed the orifice pressure, temperature and calculated flow rate so the
operator could verify proper operation. The inlet edges of the orifices were either
rounded or beveled and ranged in size from 0.254 mm to 1.83 mm diameter. The
discharge coefficient of each orifice was calibrated using a Flow-Dyne venturi type
critical flow nozzle to give an overall flow rate uncertainty of less than 5% (Schmidt
1996). The cavity pressure inside the laser was maintained by the facility pumping
system, which consists of 4 Kinney 850 mechanical pumps in parallel preceded by 4
stages of 0.61 m diameter vacuum line. The entire system has a pumping capacity of

nearly 51,000 n?’s*, which was ample for this application.

High Pressure
N, Supply
Upstream Downstream
Pressure Pressure
Proportion Transducer ~ Thermocouple Transducer
Air
Y —
I
To Laser
Dome Sonic Device
Regulator Orifice

Figure 3.6 Example of flow control system for an individua flow species.
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3.1.2 DataAcquisition and Control System

The primary function of the data acquisition and control system was to control and
monitor the fluid supply system and record all fluid supply system related data. The
system also recorded signals from pressure transducers located on the laser device itself.
Table 3.2 lists the name and location of each pressure transducer on the device. The
system itself consisted of a PC running a National Instruments LabView program and the
associated A/D or D/A converters and input/output channel hardware. Figure 3.7 shows
the front panel display of the LabView program. The LabView program includes scroll
bars and input windows to set the proportion air voltage for each flow species. This set
the pressure upstream of each flow orifice. The LabView program used the upstream
pressure and temperature and the orifice calibration curve from a database to calculate
each flow rate. The program aso monitored the downstream orifice pressure to insure
the pressure ratio across the orifice was greater than 2 so that the sonic assumption would
hold. The active display was updated at 50Hz and data was recorded at 2Hz. A typical
laser hot fire was accomplished by first establishing the He purge/injection flows and
verifying cavity and plenum pressures. The acquisition and control computer was then
et to record and the discharge

Table 3.2 Location of laser cavity pressure transducers.

Transducer .
) . L ocation range
Designation
PVCA1l Cavity ceiling, 9cm downstream of NEP 10 torr
PVCA2 Cavity ceiling, 7cm downstream of NEP 10 torr
PVCA3 Right mirror tunnel 100 torr
PVCA4 Left mirror tunnel 100 torr
PVCAS Cavity ceiling, 5cm downstream of NEP 10 torr
PVCAG Cavity ceiling, 3cm downstream of NEP 10 torr

PVCA7 Plenum, upstream of primary nozzle throat 100 torr
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Figure 3.7 Front panel of LabView fluid supply system control program.

tube turned on. This created a He plasma that could be seen using a video camera
directed at the laser cavity. The fluorine flow was then activated followed by the
hydrogen flow. Shutting off the flows in the reverse order and then turning off the
discharge tube terminated the hot fire. A typical hot fire lasted 10 to 15 sec but some of
the power extraction runs went as long as 60 sec with the only limit being the discharge
tube temperature. The plenum temperature and the discharge tube water return

temperature were monitored to prevent overheating of the discharge tube.
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3.2 Gain Diagnostic

The principal diagnostic tool for this experiment was a tunable diode laser system.
This system was initially developed to investigate the fundamental transition of the
electronically excited iodine atom (1”) in a chemical oxygen iodine laser (COIL)
(Nikolaev et al. 2000; Tate et al. 1995). It is fortunate that the wavelength of the HF
overtone transition is nearly identical to the I transition so the system could be used for
the present study with only minor modifications. The main component of the system was
aNew Focus model 6324 tunable diode laser. Thislaser has a maximum power of 9
mW. A drive screw mechanism inside the laser provides a coarse tunable wavelength
range from 1272 to 1342 nm, which covers several R and P branch transitions of the first
HF overtone. A piezoelectric transducer (PZT) was capable of repetitively scanning
across a precise sub-angstrom wavelength range. The bandwidth of the diode is reported
by the vendor to be less than 500 kHz, which is several orders of magnitude smaller than
the broadened linewidth of the HF transition making it possible to resolve the HF
transition lineshape. The resolution of the lineshape allowed the calculation of static flow
temperature as described in Section 2.1.5.

A diagram of the tunable diode laser system is shown in Figure 3.8. The light from
the diode was split several times with part of the beam going to a Fabry-Perot
interferometer, part to an HF reference cell and the main part going toward the laser
cavity. The output of the Fabry-Perot interferometer is used as a frequency reference for
the time sequence of the main beam. The Fabry-Perot interferometer had a free spectral
range of 300 MHz with aFinesse of 100. The Finesse, F, provides a measure of the

filtering properties of a Fabry-Perot cavity and is defined as (Verdeyen 1995):
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F = free spectral range

Dvy,

where Dvy, is the bandwidth, full width at half maximum, of the interference fringes.

As the diode laser repetitively scanned over a large frequency range it would go in and
out of resonance with the Fabry-Perot cavity. This created a Fabry-Perot output that
looked like a series of narrow peaks with each peak separated by 300 MHz in the

frequency domain. This allowed the scan rate of the diode to be precisaly calibrated

(Manke 2002).
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Figure 3.8 Diagram of tunable diode laser system.
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The HF reference cell was filled at low partial pressure of ground state HF and was
used to locate the wavelength of the desired transition. The wavelengths of the HF
overtone transitions are known to high precision (Wilkins 1977). However, because the
diode was scanned over sub-angstrom range, the wavelength controller on the diode
could not be used to accurately locate the transition of interest. Day-to-day variationsin
wavelength for a particular transition, as indicated by the diode controller, were less than
1nm. Since the diode was typically scanned over arange of 0.01 nm, the desired
transition could not be found without the HF cell.

The main beam, which is about 2 mm in diameter, is split into three separate beams
which enter the laser cavity perpendicular to the flow and are reflected back onto
themselves making a double pass through the laser cavity. The three beams are at the
same vertical location and evenly spaced 1 cm apart in the streamwise direction. The
probing beam optics were attached to a platform that could be trandlated independently in
the vertical direction and in the downstream direction so that two-dimensional gain maps
of the cavity could be developed.

A separate data acquisition and control computer for the tunable diode system
consisted of a PC running a Labview program with the associated A/D or D/A converters
and input/output channel hardware. This system recorded the signal from the three cavity
detectors, the HF cell detector and the Fabry-Perot detector and controlled the diode
wavelength and scanning span. The Labview display is shown in Figure 3.9. The bottom
graph showed the output of the HF cell detector and the top graph could be toggled
between outputs of the three cavity detectors and the Fabry-Perot detector. The sweep

rate, which was typically set to 50Hz, controlled how fast the diode scanned across the
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wavelength range. 500 samples per sweep were usualy recorded and the gain length was
always set to 10 cm. The wavelength could be adjusted depending on which HF overtone
transition was to be probed on a given test. Since, 50 sweeps were averaged to increase
the signal-to-noise ratio it took 1 sec to get one complete lineshape. About 5 sec of data
was collected for each hot fire giving 5 separate lineshapes from each detector. This
allowed verification of steady state operation and further post-process averaging. The
scroll bars at the bottom of the display could adjust the centerline wavelength and the

scanning span of the diode. Having the span set properly proved to be important when
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Figure 3.9 Front panel display of tunable diode laser control LabView program.
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fitting the recorded lineshapes. |If the span were set too small the wings of the lineshape
would be cut off and if the span was set too wide there would be too few points to
adequately resolve the peak. The span was typically set to scan across 2 to 3 GHz with

typical transition lineshape widths of 400 to 600 MHz.



3.3 DataCollection and Analysis
The small signal gain (or absorption) coefficient, g(v), is defined by the change of the
probe beam signal as is traverses the laser cavity which isin turn afunction of the

population of the upper and lower energy states:

1 6l (V)i @ g, 0
g = ~ingeMiss  reN, - BN, 2 (31)
L &7 (i TS am TGN g 2

where L isthe gain length, I¢(Vv) is the beam intensity at the exit of the gain region, Io(v) is
the beam intensity at the inlet, s «im IS the stimulated emission cross section, f(v) isthe
lineshape function, and Ny , gy and g, N; are the number densities and degeneracies of
the upper and lower states, respectively (Verdeyen 1995). The measured gain therefore
has a frequency dependence defined by the spectral lineshape of the quantum mechanical
transition. In genera, the two main contributors to the broadening of the spectra
lineshape are pressure (collisional) broadening and Doppler broadening. The observed
lineshape of a Doppler and pressure broadened transition would be a combination of
Gaussian and Lorentzian profiles, which could be deconvolved by fitting a Voigt profile
to the measured lineshape (Ward et al. 1974). However, under conditions investigated
here, Doppler broadening dominated pressure broadening. Voigt fits to the measured
lineshapes confirmed this by predicting Lorentzian widths less than 1 MHz with Gaussian
widths in the 400 to 700 MHz range. The Lorentzian widths were therefore ignored and
the practice of fitting the measured lineshapes with smple Gaussian profiles was
adopted.

The Gaussian profile gives the peak small signal and Gaussian width, which is

related to the static flow temperature through Equation (2.58). Figure 3.10 shows an
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example of an HF(v=2 to v=0) P3 transition lineshape fitted with a Gaussian profile. The
lower panel of the graph shows the residuals of the fit, which indicate excellent
agreement. The fit gives a peak gain of 0.141 % cm* and awidth (FWHM) of 619.2
MHz, which corresponds to atemperature of 289 K. The residua plot shown in the
lower pandl of Figure 3.10 demonstrates that the Gaussian line function adequately fits
the entire lineshape and that Doppler broadening dominates over pressure broadening. |If
pressure broadening had been significant, the residua plot would have non-random
structure.

Each cavity detector recorded about 5 lineshapes per hot fire. The data reduction
consisted of importing the data into a data analysis and plotting software program called
Origin. Origin was used due to its ease of plotting multiple data sets at onetime. The
lineshapes from a single detector were plotted at the same time to check steady state
operating conditions, fluctuations in the baseline signal, and signal-to-noise ratio. The
lineshape was then fit with a Gaussian function. The PeakFit program uses a dlightly

different form for the Gaussian expression:

(V)= = g %?—g 3.2)

This expression gives the same profile and peak value as the accepted Gaussian function

(Equation (2.57)) but reports a different linewidth:

W, (accepted formula, Equation (2.57))
=2./2In(2 .355
w,, (PeakFit formula, Equation (3.2)) n(2) @

All of the linewidths reported here have been corrected by this factor. The peak value of

the small signal gain, the Gaussian width, wg and the R value of the fit reported

86



0.16

0.14 1 O  HF(2-0), P3
—— Gaussian fit

0.12 ~

0.10 ~

0.08 ~

0.06

0.04 ~

small signal gain (% cm™)

0.02 ~

0.00

0.003
0.002 4
0.001 A
0.000 A
-0.001 A
-0.002

_0.003 T T T T T T
0 500 1000 1500 2000 2500 3000

residuals

Frequency (MHZz)

Figure 3.10 Transition lineshape of the P(3) ro-vibrationa line of the first HF overtone
(v'=2, J=2v=0, J=3). The experimental conditions for the upper panel are the (F,=2,
H,=10) flow conditions, x = 2.5 cm downstream of the NEP, and z = 0.15 cm above the
centerline. For purposes of clarity, only every 5" data point is shown. The residual plot
shown in the lower panel represents the residual difference between al the data and the
curve fit and demonstrates that the Gaussian line function adequately fits the entire
lineshape.

by PeakFit were recorded into a spreadsheet. The vertical and downstream location of
the detector was aso recorded in the spreadsheet. The static temperature of the flow was
then determined from Equation (2.58). This process was then completed for the other

two detectors. So in mapping out the cavity gain and temperature, each hot fire produced

data at three different downstream locations for a given vertical location.
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3.4 Discharge Tube Characterization (F atom Titration)

The fluorine atom concentration in the primary flow was determined via gas-
phase titration with HCI (Wisniewski et al. 2003c). Electronic grade HCI (99.997%, Air
Products) was injected through a ring injector installed in the plenum region between the

discharge tube and the nozzle. The titration reaction

F+HCl 3%4® HF +Cl (3.3
(kis4.4 x 101 &*®T e moleculest s1) quickly consumes the F atoms and generates
HF with significant populationsin vibrational levels up to v=3 (Wurzberg and Houston
1980). The tunable diode laser system was configured to monitor the HF absorbance just
downstream of the NEP. From the stoichiometry of Equation (3.3), it is evident that, for
agiven F atom flow rate, the amount of HF in the flow increases linearly with increases
in HCI flow rate until all of the F atoms are consumed. Since the absorbance (or gain)
measured by the tunable diode laser system is alinear function of the HF concentration
(Equation 3.1), the absorbance signal will also increase linearly with increasing HCI flow
rate. Oncethe HCI flow rate is increased to the point where it equals the F atom flow
rate, the maximum amount of HF will be produced. Further increasesin HCI will not
produce more HF because all the F atoms have been consumed. The F atom flow rateis
therefore equa to the HCI flow rate at the point where the HF absorbance signal plateaus
to a constant value.

It is critical for the titration reaction to go to completion before reaching the

nozzle throat. This can be assured if the time for the reaction is much shorter than the
resident time of the reactants in the plenum region. By making one-dimensional and

ideal gas assumptions, the flow velocity in the plenum region can be estimated as:

88



BRT
PA

(3.4)

where ris the mass flow rate, Ris the gas constant, T and P are the plenum temperature
and pressure, and A is the cross sectiona area of the plenum. Typica vauesfor &, T,
and P for these titration experiments are 0.0004 kg s, 400 K and 29 torr, respectively.
The average cross-sectional area from the injection point to the nozzle throat is 3.8 cn.
This gives a velocity of approximately 200 m s, which corresponds to a Mach number
of about 0.2. The residence time, t;es, Of the reactants in the plenum is:

treS = L

\%
where L is the distance from the injection point to the nozzle throat, which is about 8 cm,
and V is the plenum velocity. The residence time is then on the order of 400 .

The titration reaction is a nearly irreversible second-order reaction with arate of

reaction, R, defined by:

R=- = = == = =KIFHCI] (35)

where the brackets indicate species concentration and Kk is the rate constant. This
equation indicates that the rate of F atom consumption is equal to the rate of HF
production. Solving Equation (3.5) gives the time dependence of the F atom and HF

concentrations

[F]=(Hall. - [':]o)éHCI]0 o([Flo-[Hatlo)ie_ lgl

CTFL 5
(3.6)
[HF]=[F], - [F]
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where the subscript “0” indicates initial concentration (Steinfeld et al. 1989). Figure 3.11
shows the time evolution of the normalized [F] and [HF] for a1 mmol s* of F, flow case
with an excess of HCI. If the reaction is considered complete when the [F] is within 1%
of itsfinal value, then the time for the reaction to reach completion is on the order of 40
ns, an order of magnitude less than the residence time of the reactants in the plenum.

The titration reaction is therefore assured of reaching completion provided the primary
and injected flows are thoroughly mixed before reaching the throat. As a check of the
mixing performance, a series of tests were conducted in which the probe beam was

traversed in the vertical direction for fixed fluorine (MFFO1) and HCI flow rates. These
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Figure3.11 Normalized time response of [F] and [HF] for titration reaction
F+HCI? HF+Cl for F, and HCI flow rates of 1 mmol s* and 2.5 mmol s, respectively.
Time for reaction to go to completion < 40 ns.
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tests showed a uniform absorbance profile indicating excellent mixing. It was therefore
determined that a single point measurement at the vertical centerline would be sufficient
to represent the absorbance for the given flow rates.

The vibrational distribution of the HF created by the titration reaction is another
complication in the analysis of the data. The primary deactivation mechanism of the
vibrationally excited HF, at the concentrations encountered in these titration experiments,
is through self-relaxation with ground state HF:

HF(v) + HF ® HF(v- 1) + HF (3.7)
This reaction has rate constants on the order of 10™? cn?® molecules® s* for v=1,2, or 3,
which correspond to reaction completion times of about 70 s (Manke and Hager 2001).
Therefore significant deactivation will take place and much of the HF will be in the
ground state by the time it reaches the nozzle throat. It isimportant to note that complete
deactivation is not necessary to obtain useful data. This is because we are looking for the
HCI flow rate where the HF absorbance signal plateaus and the absorbance signal is a
function of the population difference between the upper and lower energy levels. So, it is
only necessary for the relative populations to remain unchanged as the total HF
concentration is increased. This will be the case because the deactivation reaction is a
nearly irreversible second order reaction, just like the primary titration reaction (3.1),
making the rate of reaction a function of the concentration difference between the upper
and lower vibrational states and not of the total HF concentration. So, even though we do
not know exactly how the primary and deactivation reactions populate the different HF
vibrational levels, the distribution into those levels will not change as the HCI flow rate

increases.
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The titration experiments were conducted with the probe beam approximately 3
mm downstream of the NEP on the vertical centerline. The fluorine flow rate (MFFOL)
was kept constant and the HCI flow was increased while monitoring the absorbance of
the HF P3 (v=2, J=2 to v=0, J=3) overtone transition. The F, diluent (MFHE2) and
Cathode He (MFHEL) flow rates were set to those used during a hot fire for the given
fluorine flow rate. The addition of HCI upstream of the nozzle throat tended to raise the
plenum pressure. To correct for this, the primary He diluent (MFHE3) was adjusted to
maintain the proper hot-fire pressure (25 to 30 torr). The nozzle injection flows (MFH21,

MFHES5, and MFHE4) were not used during the titration test series.
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3.5 Vdocity and Mach Number M easur ements

35.1 Pitot-Static Tube

Horizonta (z-direction) and vertical (y-direction) Mach number profiles of the
laser cavity flow were determined from Pitot-static tube measurements (Wisniewski et al.
2003c). The Pitot-static tube used for all of these measurements was a Dwyer model
167-12 which is 30.5 cm long with a 3.175 mm (1/8 in) diameter and has separate
internal channels for total and static pressures. Teflon tubing was used to connect the
total and static ports of the Pitot-static tube to 100 torr and 10 torr pressure transducers,
respectively.

For horizontal profiles, the Pitot-static tube was inserted through the bellows
mount adapter plate and mirror tunnel. This was a span of over 25 cm, which allowed the
tube to vibrate violently when the primary flows were activated. To eliminate the
vibrations, a piece of 3.175 mm (1/8 in) stainless stedl tubing was attached to the end of
the Pitot-static tube at the point where it makes the 90° turn into the flow as shown in
Figure 3.12. The extra tubing was long enough to extend through the opposite window
tunnel and out the bellows mount adapter plate on the other side so that the Pitot-static
tube was supported at both ends. The Pitot-static tube was attached to a trandation stage
that could move the tube in the horizontal or z-direction. The Pitot-static tube could be
moved in the flow direction by loosening the bolts in the adapter plates and diding it
along the dlotted holes.

For the vertical profiles the Pitot-static tube (without modification) was inserted
through a 3.175 mm (1/8 in) pipe thread fitting screwed into a pressure port in the top of

the laser cavity. There were 4 portsin the cavity spaced 2 cm apart in the downstream
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Figure 3.12 Pitot-static tube modification used for horizontal Mach number profiles.
Stainless steel tubing was attached to support the tube from both sides to eliminate
vibrations during testing.

(x) direction with the tip of the tube 2 cm downstream of the NEP when placed in the first
port. The end of the Pitot-static tube was attached to a trandation stage that could move
the tube in the vertical (z) direction.

For the horizontal Mach number profile test series, the Pitot-static tube was
placed as close as possible to the vertical centerline. However, due to the bow in the tube
over the large horizontal span, the exact vertical location was not known. The distance
from the NEP was determined by removing the pressure port plate in the top to the laser
cavity (not shown in Figure 3.1) and placing a small ruler in the bottom of the cavity. A
check of this distance at the end points of the horizontal travel showed that the tube

traversed straight across the flow. The angle of the tube about the horizonta axis (y-

direction) was set to maximize total pressure during cold flow operation. The Pitot-static
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tube was clamped securely to the trandation stage to insure this angle did not change. A
horizontal profile was collected by placing the tube at a particular horizontal location and
then activating the hot-fire flows. The total pressure from the Pitot-static tube was
monitored to ensure a steady state condition was reached. Due to the relatively long
lengths of tubing between the Pitot-static tube and the pressure transducers, it took as
long as 10-15 sec for the total pressure to reach a steady state value. The long tube time
constant precluded an automated translation of the tube across the cavity, so we were
restricted to collecting one data point per hot fire. The vertical profiles were collected in
asimilar manner (i.e., one data point per hot fire). The tube angle about the vertical axis
(z-direction) was set to maximize the total pressure during cold flow and clamped secure
to the vertical trandation stage. The short vertical span of the tube did not present the
same vibrations problems as for the horizontal profile measurements.

In supersonic flow, a normal shock is formed just upstream of the Pitot-static
tube. The Pitot-static tube measurements are related to the flow Mach number though the

Rayleigh Pitot-static tube relation (Benedict 1983):

P ég-10,,U e g+l u
LI it VER T ' (3.8)
P &25 0 Sgvz-@g-

where P; and P are the total and static pressures measured by the Pitot-static tube, M is
the freestream Mach number upstream of the normal shock, and g is the ratio of specific
heats. Equation (3.8) is atranscendental equation and cannot be solved analytically for
Mach number. However, a numerical solution is easily attained by iterating on M until

the calculated and measured pressure ratios are equal.
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Severd errors creep into the analysis of the Pitot-static tube data. The first is that
because the exact constituency of the flow is unknown, the flow parameters g and
molecular weight (which will be needed for the Doppler velocity measurements) are also
unknown. However, since the flow is approximately 90% He, the range of possible
valuesissmall. Assuming all of the F atomsin the flow channel are converted to HF
gives an upper limit to the flow properties with the molecular weight and g equal to 4.36
and 1.66, respectively. The lower limit is found by assuming none of the F atoms are
converted to HF, which gives a molecular weight and g of 4.33 and 1.63, respectively.
Thus varying the flow constituents has less than a 1% effect on the calculated Mach
number. Other sources of error include flow channel blockage, Pitot-static tube heating
from chemical reactions in the flow, and Pitot tube alignment. The magnitude of these
errorsis more difficult to assess, however each will have the effect of lowering the

measured Mach number.

3.5.2 Doppler Veocity

The optical set-up of the tunable diode laser system described in Section 3.2 was
modified for its use as a velocity measuring device (Wisniewski et a. 2003b). By
probing the laser cavity at an angle to the flow, the transition lineshape is Doppler shifted
by the component of the flow velocity in the beam direction. The optical set-up used to
measure this effect is shown in Figure 3.13. This approach is a dight modification to the
technique used by Nikolaev et a (2000) to measure velocity in an oxygen-iodine laser.
Here the diode beam is split into three separate beams. Two of the beams were rotated

+7.85° from the direction normal to the flow. The third beam, directed normal to the
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flow, intersected the other beams in the center of the flow channel. The angled beams
were directed back through the laser cavity in a“bow ti€” crossing pattern. The resulting
double pass arrangement significantly improves the signal-to-noise ratio making this
approach better suited for gain mediums than the technique used by Nikolaev et al

(2000).

The HF spectroscopic line was shifted to a higher frequency for the downstream-
directed beam and to a lower frequency for the upstream-directed beam. Both lines,
however, had the same Doppler and pressure broadened characteristics. The frequency
difference between the shifted peaks is directly proportional to the flow velocity.
Trandation stages were incorporated into the optical set-up so that the velocity could be

measured at different locations along the vertical axis. The beam that probed the laser
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Figure 3.13 Diagram of double pass Doppler velocity optical set-up.
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cavity normal to the flow direction was compared to previous small signal gain
measurements and served to verify flow sampling location.

The shift in the lineshape peak frequency is given by:

c

V,(
u=u.ga i?' (3.9

0

=P,

oOC

where U, is the centerline frequency and Vy is the flow velocity component in the beam
direction. The frequency difference between the peaks, Du, is directly proportiona to the
flow velocity:

Du _Vyu _Vsdna

3.10
> YT (3.10)

where V isthe flow velocity, | is the transition wavelength and a is the angle between

the beam tube direction and a line perpendicular to the flow. The Mach number is given
by

M=—= (3.11)

g

MW

V_ Vv
a

where a is the local speed of sound, g is the ratio of specific heats, T is the loca Hatic
temperature (as determined from the Gaussian line width) and MW is the molecular
weight. Just asin the Pitot-static tube measurement, the unknown flow constituency
creates uncertainty in the flow parameters, which introduces an error in the Mach number
calculation. However, upper and lower bounds obtained by varying g and MW showed

less than a 1% effect on the calculated Mach number.
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3.6 Power and Out-coupled Spectrum M easurements

Fundamental power was extracted from the laser using a ssimple two-mirror stable
resonator. In thistype of resonator one mirror has a maximum available reflectivity
(Max R) at the wavelength of the lasing transition and the other mirror (the output
coupler) has a somewhat reduced reflectivity. A standing wave develops between the
mirrors in which the circulating intensity rapidly builds until a steady state condition is
reached in which the round-trip loop-gain equals the cavity losses. Lossesto the
circulating radiation field intensity are caused by scattering, absorption and diffraction as
well as by the power extracted from the cavity through the outcoupler. Asthe internal
intensity increases, the population inversion, and therefore aso the gain, within the
system is reduced through stimulated emission by a process termed saturation. Saturation
creates a balance between the pumping mechanisms, deactivation mechanisms,
stimulated emission and optical 1osses within the cavity including useful outcoupled
power.

Figure 3.14 shows typical curves of laser power as afunction of output coupler
transmissivity for resonators with and without cavity losses. Since, the absorbtivity of
high quality opticsistypically very low the transmittance, T, can be approximated as:

T=1-R
where R is the mirror reflectance. Changing the reflectance of the outcoupler (R1) while
holding the Max R reflectance (Rz) constant, changes the intensity of the recirculating
radiation within the laser cavity resulting in a new saturation condition. These curves are
therefore referred to as intensity saturation curves or |-Sat curves for short. The

circulating intensity inside the laser cavity increases
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Zero Loss Power

1-RR,
Figure 3.14 Schematic representation of power versus outcoupling fraction. Pa
represents the power available in the gain medium and Pmax represents the maximum
power output from the resonator. Ry isthe outcoupler reflectance and R; isthe Max R
reflectance (i.e., R, ™ 1)
as the outcoupling reflectance increases and if no losses are present reaches a maximum
for Ri=1 (T=0). The maximum internal intensity will extract the maximum amount of
energy from the population inversion. Therefore, if no internal optical losses are present,
the output power approaches the maximum power available from the gain medium as Ry
approaches unity. However, al lasers have losses that dominate as the internal intensity
increases thus causing the useful outcoupled power to decrease as R approaches unity as
shown in Figure 3.14. This creates an optimal outcoupler reflectance to achieve
maximum power output. Fundamental HF lasers are very high gain systems and

assuming a low loss resonator, the outcoupler reflectance to achieve maximum power is

typicaly very high (i.e., R>90%).
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The round-trip loop gain equilibrium condition for a simple two mirror Fabry-
Perot resonator, which is a good approximation for the resonator used in this

investigation, gives (Hager et a. 1996):

I(1- d)
2

g

9°0ut+Ll- (312

where L is adistributed nonsaturable loss, d is the aperture diffraction loss and Lq is the

gain length. The threshold gain, g, is defined by:

o - INRR,) 513
2L, '

9
where R, and R, are the mirror reflectivities. When the outcoupling fraction, (RiRy), is
small the laser will just barely flicker and the internal intensity of the radiation field will
be small and have aminimal effect on the population inversion. Under these conditions
the gain predicted from Equation (3.12) will equal the small signal gain. Neglecting the
optical losses, which are typically small compared to the fundamental HF threshold gain,

the small signal gain can be approximated as.

-I(RR,) a1
2L, '

90”09y =
Therefore an estimate of the small signal gain can be made by determining the outcoupler
reflectivity at which the system barely lases.
The resonator in these experiments consisted of a’5.08 cm (2 in) diameter,
concave (10 m radius of curvature) high reflector mirror (99.95% reflective at 2.5 - 3.1
mm) and a series of 5.08 cm (2 in) diameter flat outcoupler mirrors ranging in reflectance

from 40% to 95%. The optics were mounted in the bellows mount assemblies on either

side of the laser cavity giving amirror separation of 65.75 cm. An aperture placed in the
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bellows mount assembly limited the vertical height of the resonator aperture to 2.54 cm,
which is dightly smaller than the vertical height of the laser cavity. The mirror retaining
rings limited the horizontal length of the resonator aperture to ~ 4.5 cm for a beam area of
~11.25 cn.

A HeNe laser directed along the optical axis was used to align the resonator. The
alignment procedure consisted of locating the optical axis at the desired downstream
location, pulling the laser cavity under vacuum and then aligning the HeNe laser
reflections from the inner and outer surfaces of the optics to a pinhole located at the
source. Although this procedure worked quite well, small adjustments were often
required while the laser was operating in order to maximize the output power. Power was
measured with an Ophir model 5000W-LP thermal head power meter, whose output was
recorded by the fluid supply system data acquisition computer. Figure 3.15 shows an
example of the measured output power time trace along with the time trace of the fluorine
flow rate. The power fluctuations are caused by vertical and horizontal alignment
adjustments made during the hot fire to maximize power. The short delay between the
fluorine flow rate activation and measured power is due to the thermal response of the
power meter and time delay for the F atoms to reach the cavity from the flow control
orifice about 15 m from the laser device.

HF lasers are multi-line lasers because they |ase simultaneously on severa
different ro-vibrational transitions. In order to determine which transitions were lasing,
the spectral content of the fundamental laser output was measured using an Acton

Spectrapro 300i monochrometer and a Boston Electronics HQCdZnTe infrared
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Figure 3.15 Time traces of fundamental output power and fluorine flow rate for the
(F2=2, H,=10) flow conditions taken 3.2 cm downstream of the NEP. Power fluctuations
are caused by vertical and horizontal alignment adjustments made during the hot fire to
maximize power.

detector as shown in Figure 3.16. The monochrometer used a 2.0 mm grating with 300
lines mm™ to split the incoming laser beam into its discrete spectrum. The spectrum was
then scanned across the detector at the exit of the monochrometer producing a time trace
that looked like a series of sharp peaks corresponding to the laser spectrum. The
monochrometer was set to scan from 2.5 m to 3.1 nm at arate of 2.0 mm min*, which
covered all thev=11t00,v=2to 1andv = 3 to 2 fundamental P branch transitionsin

about 18 s. The spectra show multiple lasing lines within each of these three vibrational

bands.
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Figure 3.16 Experimenta set-up for power extraction and output laser beam spectrum
measurements.
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3.7 Saturated Gain Measurements

In Section 2.2.3 it was stated that the HF rotational relaxation rate constants were so
fast that, to a very good approximation, the rotational levels within each vibrational band
can be described by an equilibrium Boltzmann distribution. While this is undoubtedly
the case under small signal conditions, questions remain on whether or not rotational
equilibrium exists when the vibrational levels are saturated during lasing. If stimulated
emission can remove energy from aro-vibrational level faster than rotational relaxation
can transfer energy between the rotational levels then the ro-vibrational levels will
essentially act independent of each other. However, if rotational relaxation energy
transfer is faster than stimulated emission, then the whole vibrational band will saturate
asaunit. Inorder to investigate this, the overtone small signal gain of several different
ro-vibrational transitions was measured while simultaneously lasing on the fundamental
trangitions. Since the gain measurements give a direct measure of the rotational
distribution in the v =2 and v = 0 levels smultaneously and because the laser saturates
thev=1to0,v=2to1andv = 3to 2transitions, probing the v = 2 to O transitions should
give adirect representative measure of the degree of rotational relaxation and/or
equilibrium (Manke et al. 2003).

The saturated overtone gain was measured by propagating the diode probe beam
through the fundamental resonator optics at a dight angle as shown in Figure 3.17. The
diode probe beam entered and exited the cavity at a 3.5° angle relative to the optical axis.
At this small angle the probe beam remained within one beam diameter (~2 mm) of the
optical axis over the entire 5 cm span of the active gain length. Because the resonator

optics significantly attenuated the diode probe, only a single pass through the gain
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Figure 3.17 Experimental set-up of overtone gain measurement while lasing on
fundamental transitions.

medium was possible which greatly reduced the signal to noise ratio as compared to the
double pass unsaturated gain measurements. Thus these gain measurements are restricted
to the vertical region near the peak gain location.

These saturated gain measurements were taken for the P1, P2, P3, P4 and P5
overtone (v = 2 to 0) transitions. The procedures for this test series entailed first aligning
the fundamental resonator at a particular downstream location and then performing
severd hot fires to maximize the power. A short vertical gain profile for each transition
was then performed to ensure all the transitions had the same vertical peak gain location.
The laser power was monitored during these profiles to verify that saturation conditions
did not change. This process was repeated for several different outcoupler reflectivities

and several downstream locations for the (F,=2, H,=10) flow conditions.
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Chapter 4

M odeling-Code Description

Due to the complexity of the interaction between the quantum mechanics, chemical
kinetics and fluid mechanics within the laser flow field, interpretation of the trends within
small signal gain datais very limited without the aid of a computer model. Numerical
solutions of the three-dimensional (3-D) Navier-Stokes equations to model a laser cavity
flow field for a Chemica Oxygen lodine Laser (COIL) device have been obtained
(Buggeln et al. 1994; Eppard et al. 2000; Madden 1997). These computer models are
extremely complex requiring weeks of run time on large parallel processing computer
systems to obtain converged solutions. In addition, modification of these codes to model
the HF kinetics and geometry is nontrivial and beyond the scope of this experimental
thesis. Instead, predictions were made with atwo-dimensional (2-D) parabolic marching
code that has been modified to model the HF laser chemistry (Crowell 2002). This code
sacrifices fidelity in modeling the actual 3-D flow in favor of simplicity and short run
times allowing the examination of alarge parameter space.

The rationale for using a 2-D modél is that the lateral spacing between injector holes
is small enough such that the flow field will appear nearly two-dimensional at the nozzle
exit/cavity entrance. Although the axia vorticity is not zero, as would be the case for a
true 2-D flow field, it is not so large as to completely dominate the molecular diffusion
mixing. That is, for the low angle injectors used in HF nozzle blades, the vorticity
induced by the jets as they are turned parallél to the main flow should be small compared

to that for normal (90°) injection. The low angle injection, combined with low pressure,
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results in a situation where 2-D laminar mixing provides a reasonable estimate of the
mixing rate. Because the codeisonly 2-D, it cannot capture the complexities of the
mixing mechanisms, which are driven by flow turbulence intensity and are therefore
inherently 3-D. The code instead bounds the problem by running in two separate modes.
The premix mode assumes that the secondary He and H; flows are instantaneously mixed
into the primary He and F atom flow and evenly distributed across the nozzle at a

location just upstream of the base relief step. Thisis, of course, the best-case mixing
scenario and will provide an upper bound on the laser performance. The mixing mode of
the code provides a lower bound of performance. This mode uses ssmple geometrical
considerations to predict the location of the secondary He and H; flow streamsin the
nozzle just upstream of the base relief step and assumes diffusional mixing from that
point on.

Figure 3.3 shows the Cartesian coordinates of the nozzle where the streamwise,
cross-stream and spanwise directions are defined by the x, y and z axes, respectively,
with corresponding velocity components u, v and w. The 2-D assumption eliminates the
spanwise (or transverse) momentum equation, all derivatives with respect to the z
direction and the spanwise velocity component w from the Navier-Stokes equations.
Parabolizing the Navier-Stokes equations entails neglecting the second derivative of the

v

"

T°u

velocity components with respect to the flow direction (i.e., ﬂ_z and
X

) inthe

momentum equations (White 1991). This reduces the order of the momentum differential
eguations with respect to x, thus changing the system from a boundary value problem to
an initial value problem and eliminating the need for a downstream boundary condition.

The upstream flow field is therefore de-coupled from the downstream flow field, which is
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a good assumption for supersonic flow. However, in the actual flow field, downstream
influences can propagate upstream through the large subsonic base purge regions. These
influences are not considered in this model nor is recirculation of the primary laser flow
into the base purge region included.

The code uses the thin shear layer approximation to assume that the pressure
varies only in the flow direction and not in the vertical (cross-stream) direction (White

1991). This allows the cross-stream momentum equation to be replaced by:

P _
- 4.1
Ty *.1)

Chemical laser cavities are typically designed to minimize transverse pressure gradients.
However, the large base purge step at the nozzle exit plane (NEP) of the HF nozzle being
modeled here is likely to produce oblique shocks that will create transverse pressure
gradients. The oblique shocks therefore cannot be resolved by this code.

The species mass conservation equetions are given by:

K. K.
ruL+rvL

4.2
X Ty (4.2

_ Te o miK
g s

wherer istheloca density, K; is the mass fraction of the i species, m is the turbulent
eddy visocity, S is the turbulent Schmidt number, W is the species source term from
chemical reactions, Z; is the lasing source term and V; are the laminar diffusional
velocities (Crowell 2002). The species source terms from chemical reactions are
computed through detailed balance of the chemical reactions discussed in Section 2.2.
Individual vibrational levels of the reactants and products are tracked as separate species
requiring the code to compute 136 separate chemical reactions at each downstream

location. Therotational levels of the reactants and products are handled by assuming a
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Boltzmann distribution within individual vibrational levels. The lasing source term in
Equation (4.2) is required because the extraction of laser energy from the flow field will
change the population of the excited species. However, since this research has focused
on understanding the small signal gain data trends, the code was not run with the lasing
model activated.

The laminar diffusional velocities are expressed as:

. K. D' T
Kv = K. - Ll e L
|V| S21 i S31 ﬂy rT ﬂy

(4.3
The expressions for S and Sg; are determined from an “effective” binary diffusion
model based on the work of Ramshaw and Dukowicz (1979), which was modified to

include the effects of pressure gradients on the diffusional velocities (Crowell 1987). The

thermal diffusion coefficient, D" , in Equation (4.3) represents the effect of temperature

gradients on the diffusional velocities. Since the computation of D, significantly

increased the overall computation time and its effects on the diffusional velocity were
minimal, an internal input flag was set to eiminate it from the computation.

The 2-D code cannot predict the actual 3-D turbulent flow field. However, the
code includes a K-e turbulence model, which tracks the transport and dissipation of
turbulent kinetic energy, that can simulate some of the overall effects turbulence has on
the flow. The Reynolds number for the flows of interest is of the order 800 cmi* at the
cavity entrance, which is sufficiently small that significant enhancement of the mixing
rate due to turbulence would not be expected. Therefore the low Reynolds number
Launder-Sharma (1974) turbulence model modifications, which are applicable to wall-

bounded and free jet flows, have been included. A convenient input parameter flag was
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set-up to activate or disable the turbulence model in order to assess the significance of
turbulence on the predicted flow field (see Section 5.4.2).

The computer model utilizes the flow field symmetry at the vertical centerline to
reduce the computational domain to the upper plane bounded by the centerline and the
upper cavity wall. The proper boundary condition at the cavity wall would, of course, be
the no-dlip condition. However, since the wall is so far from the reaction zone,
conditions at the wall were thought to have little influence on the core flow field. A
symmetry condition was used at the wall as well as at the centerline to reduce
computation time. Attempts to verify the insengitivity of the small signal gain predictions
to the wall boundary condition were complicated by numerical instabilities that prevented
model convergence for the no-dlip wall condition. For most flow conditions with the no-
dip wall condition, the model marched severa centimeters downstream before failing to
converge. The small signa gain profiles upstream of the non-convergence location were
nearly identical to profiles predicted with the symmetry boundary condition. The
convergence problems appear to be caused by flow separation at the wall caused by an
adverse pressure gradient. The effects of the improper wall boundary condition are
apparent in comparisons between the measured and predicted small signal gain profiles
near the wall more than 4 cm downstream of the NEP (see Section 5.4.4). However, the
model appears to adequately predict the small signal gain profile within the core flow
region, between +5 mm from the vertical centerline, at all downstream locations. In all
the model prediction cases run for this research the cross-flow dimension was divided
into 150 nodes, which were distributed to give more resolution in the region where the

chemical reactions were assumed to take place and fewer nodes in the base purge region.
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The required input parameters to the code were the nozzle geometry, species
molar flow rates, cavity pressure, initia turbulence intensity of each flow stream, the total
temperature and pressure upstream of the secondary He injection point and the Mach
number of the injected flow streams. The calculations were started at the nozzle exit

plane (NEP) and marched 10.0 cm downstream with a 0.025 cm step size.
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4.1 NEP Starting Conditions

Since the parabolized Navier-Stokes marching calculations start at the NEP and
the total pressure and temperature input parameters are specified just upstream of the
secondary He injection point, an approximate representation of the injection process must
be adopted to define the initial conditions at the NEP. Figure 4.1 shows the flow
distribution an infinitessimal distance downstream of the NEP for the three injection
scheme options available within the code. In setting the starting conditions for the
premixed mode, the code instantaneously mixes the injected He and H, flow streams with
the primary F atom flow and evenly distributes the flow at the NEP. Flow properties
(temperature, pressure, Mach number, etc.) are calculated by conserving total mass,
momentum and energy of the flow and not allowing chemical reactions to proceed.
Because the thin shear layer assumption has been made, a pressure gradient cannot be
sustained between the base purge flow and the nozzle flow. The code must therefore
expand or contract the premixed nozzle and the base purge flows with a common
pressure immediately downstream of the NEP. To do this the relative cross sectional
areas occupied by the base purge and nozzle flows must first be determined. The under-
expanded jets that issue from sonic orifices in the base purge flow region are assumed to
pass through a normal shock. This shock takes the flow from atotal pressure specified
by the sonic conditions of the individual orifices to the measured cavity pressure and
specifies the cross-sectional area occupied by the base purge flow. The cross-sectional
area of the nozzle flow occupies the remaining area. The nozzle flow properties are then

adjusted to fill the new area. This pressure equilibrium calculation happens within an
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Figure4.1 Flow distribution with mixing options a) premixed b) mixing with imesh=2
and ¢) mixing with imesh=3 injection schemes. The computational start lineis an
infinitesimal distance downstream of the NEP.
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infinitesimal distance downstream of the NEP where the parabolic marching code takes
over. The pressure equilibrium process in the actual flow will proceed through a series of
obligque shocks and/or expansion fans that reflect off the shear layer between the nozzle
flow and the base purge flow extending their influence down the length of the cavity. If
the shocks or expansion fans are weak the vertical pressure gradients will be small and
this method of computing the NEP starting conditions may produce good approximations
for the relative size of the nozzle and purge flows.

Within the mixing mode of the code there are two separate options for setting-up
the location of the H, and He injection jets at the NEP. For the imesh=2 mixing mode
option shown in Figure 4.1b, the H, and He jets expand from their respective sonic
orifices to fill the area between the primary flow and the wall. The trgjectories, cross-
sectional areas and properties of the jets are calculated from a modified Schetz (1966)
trgectory model. For the imesh=3 mixing mode option shown in Figure 4.1c, the
location and size of the injection jets at the NEP are user specified. Setting the input
parameters so that the H, jet moves away from the nozzle wall automatically fills the
region between the jet and nozzle wall with primary flow. This mode gives the user the
flexibility to adjust the jet locations in an attempt to get predicted gain profiles to match
measured gain profiles. For either mixing mode option, the code first performs a premix
calculation to predict the cross-sectional area of the total nozzle flow. The injected jets
are then located within that cross-sectional area. The jets in either mixing mode do not
exchange mass, momentum or energy with the primary flow and the chemical reactions

are not allowed to proceed until the flow reaches the NEP.
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4.2 Comparison of Measured and Predicted Gain

The diagnostic probe beam diameter used to measure the small signal gain was
approximately 2 mm, which is about 20% of the nozzle height at the NEP. The probe
beam therefore averages the gain over a significant portion of the vertical flow field. A
proper comparison between the predicted and measured gain distributions must take this
averaging into account. The code accomplishes this by propagating afinite diameter
probe beam in the z direction (perpendicular to the computational plane) through the
predicted gain distribution.

The small signal gain, g(v), was defined by Beer’s Law in Section 2.1.4 as:

_1 e (u
g(V) = Iln mg (44)

where l¢(v) and I,(v) are the exit and input probe beam intensities, respectively, and L is
the gain length. Solving for the exit beam intensity in terms of the input intensity and the
small signal gain yields:

L (V) =1, (v)e* (4.5
for abeam of uniform intensity and aregion of uniform gain, g. The code predicts the
gain distribution in the x-y plane and assumes the gain is constant in the z direction. The

predicted gain lineshape, for a Doppler broadened gain medium, is then given by:
(v, % y) =g, (x y)e (4.6)
where the dimensionless frequency is:

2(v- vo)«/ﬁ
I:)VD

%= (4.7)
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where g, is the calculated line center (i.e., v = V,) gain distribution over the x-y plane and
the Doppl er-broadened linewidth Dvp is obtained from the predicted temperature over the
x-y plane. To predict the gain lineshape of afinite diameter probe beam propagated
through the computed gain medium, the input and exit beam intensities must be averaged

over the beam cross section:

e\ N B
o Q I (rf V) €e° rdrdf U

g ZpQ I(r v)rdr

gP (V’ X, y) - L In (48)

<o Y enlY ey end

where a is the beam diameter. At line center g(x,y) =g,(X,y)and g, (X, y) isthen the

predicted line center gain averaged over the beam diameter that should approximate the
measured line center gain. In order to perform the integration in Equation (4.8) the
predicted gain lineshape, which is defined in terms of x-y coordinates, must be
transformed into polar coordinates centered at the beam location. The integration

requires knowledge of the gain distribution downstream of the probe beam center
location forcing the calculation of g, (X, y) into a post process situation after the gain
distribution had been determined for the entire flow field. However, over the span of the
probe beam diameter the gradient of the gain is much larger in the vertical direction than
in the downstream direction. Therefore for purposes of the integration in Equation (4.8),
the gain was assumed to be symmetric about the vertical centerline of the probe beam
diameter. Thisalowed g, (X, y) to be calculated as the gain was determined at each
downstream x location. The static flow temperature can then be determined by fitting the
gain lineshape, g, (v, X, y), with a Gaussian profile in a manner similar to the way the

measured gain lineshape fitting is performed. Because the temperature computed in this
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manner is averaged over the beam cross-section, it will be different than the flow field
temperature calculated by the code and a better representation of the measured static

temperature.
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Chapter 5

Results

The following sections detail the results of the experimental and theoretical
investigations used to characterize the small-scale supersonic HF laser device described
in Chapter 3. First described are the results of atitration experiment that characterized
the performance of the discharge tube used to create the F atom oxidizer flow. The
velocity and Mach number of the flow field are then described through a series of
Doppler shift and Pitot-static tube measurements. The bulk of the experimental results
reported here are vertical profiles of the HF overtone small signal gain and static flow
temperature measured using a scanning diode laser system. A large section of this
chapter is devoted to comparisons between the measured small signal gain and the small
signal gain predict from a 2-D computer model of the laser system. The computer model
is used to explain the trends of the data and determine the role of the important
mechanisms in producing overtone gain. The final sections of this chapter discuss the
results of fundamental power extraction from the laser cavity and how that power

extraction affects the overtone small signal gain.

5.1 Discharge Tube Characterization (F atom Titration)

Figure 5.1 shows measured absorbance for titrations carried out for initial fluorine
molecule flow (F,) rates of 0.62, 1.0, 2.1 and 3.0 mmol s*. The curves show the
expected result of an initial linear increase in absorbance with HCI flow rate, which then

plateaus to a constant value at higher HCI flow rates. Horizontal lines for each curve are
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drawn through the average absorbance of the plateau region. The vertical lines for each
curve are drawn through an estimate of the beginning of the plateau. The start of the
plateau region is presumed to be the point where the HCI flow rate equals the F atom
flow rate (Wisniewski et al. 2003c). For complete dissociation, the F atom flow rate in
the laser cavity equals twice the molecular fluorine flow rate supplied to the discharge

tube. The dissociation fraction is defined as;

(F atom flow ratein cavity ) (5.1)

disociati on fraction = - ,
2(F, flow rate supplied to discharge tube)
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Figure5.1 F atomtitration datausing HCIl. Horizontal lines for each curve are drawn
through the average absorbance of the plateau region. The vertical lines for each curve
are drawn at the point where the plateau region begins to indicate the point where the HCI
flow rate equals the F atom flow rate. HCI flow rate error bars for the 2.1 and 3.0 mmol
s cases are + 10% and —10% for the 0.62 and 1.0 mmol s* cases. The 0.62 and 1.0 mmol
s error bars are drawn only in the negative direction due to the nominal prediction of

100% dissociation.
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Figure 5.2 shows the dissociation fraction as a function of F, flow rate. The dissociation
fraction is approximately 1 for F» flow rates below 1 mmol s* and drops steadily as the
F, flow rate increases. For F» flow rates of 2.1 and 3.0 mmol s* the dissociation fraction
is approximately 0.75 and 0.5, respectively. The resulting F atom flow rates for the four
F, flow rates are aso plotted in Figure 5.2. The F atom flow rate initially increases with
increasing F, flow rate and then drops off as the dissociation fraction begins to drop.
These dissociation fractions and F atom flow rates are reasonable and in relatively good

agreement with other work (Herbelin et al. 1999; Manke et al. 2001).
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Figure 5.2 Dissociation fraction and F atom flow rate for several different F, flow rates.
Dissociation fraction and corresponding F atom flow rate error bars for the 2.1 and 3.0
mmol s* cases are + 10% and —10% for the 0.62 and 1.0 mmol s* cases. The 0.62 and 1.0
mmol s error bars are drawn only in the negative direction due to the nominal prediction
of 100% dissociation.
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Based on these titration measurements, F» flow rates of 1.0, 2.0 and 3.0 mmol s*
were chosen to be used for cavity gain mapping. The highest F, flow rate that produced
complete dissociation was 1.0 mmol s*. The cavity will therefore be free of fluorine
molecules and the complexity of the hot reaction (H+F, ? HF + F) will be eliminated
from the cavity kinetics. An F, flow rate of 2.0 mmol s* will produce nearly the highest
F atom flow rate, which will result in the highest gain and largest signal-to-noise ratio
when making cavity gain measurements. An F» flow rate of 3.0 mmol s* produces nearly
the same F atom flow rate as 2.0 mmol s* but at a much lower dissociation fraction. This
means that the F, flow rate in the cavity will be much higher increasing the effect of the

hot reaction.
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5.2 Vdocity and Mach Number M easur ements

521 Horizontal Mach Number Profiles

Figure 5.3 shows horizontal Pitot-static tube Mach number profiles measured 2.0
cm, 4.5 cm, and 7.0 cm downstream of the NEP. For all of these profiles the Mach
number is relatively constant over the region between £25 mm from the centerline.
Further away from the centerline the Mach number increases due to the high speed bank
blower flow. At the 2.0 cm downstream location, there was a small decrease in Mach
number between the center and bank blower regions caused by remnants of the boundary
layer that grew on the plate separating the bank blower nozzle block from the primary
nozzle. This momentum deficit washes out quickly as the flow moves downstream. The
Mach number in the center region drops from approximately 1.6 at 2.0 cm from the NEP,
to 1.45 at 4.5 cm from the NEP, and then to 1.35 at 7.0 cm from the NEP. The Mach
number in the bank blower region decreases from approximately 3.0 at 2.0 cm from the
NEP, to 2.0 at 4.5 cm from the NEP, and then to 1.60 at 7.0 cm from the NEP. This
dramatic decrease is likely caused by the interaction of the bank blower flow with the
mirror tunnel purge flow which enters the laser cavity perpendicular to the primary flow
and has to be accelerated by the bank blower flow.

The static pressure measured by the Pitot-static tube was nearly constant at 4.1
+0.5 torr for al datataken during this test series. Since thisis approximately 46% higher
than the static pressure measured at the wall pressure ports for the same flow conditions
when the Pitot-static tube was not in the laser cavity, this indicates significant channel
blockage. The cross sectiona area of the 3.175 mm (1/8 in) diameter tube is a little over

10% of that for the flow channel. The higher static pressure has the effect of lowering the
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Figure 5.3 Vertical Mach number profile at several downstream |ocations measured
using a Pitot-static probe. The reagent flow rates used in these measurements were F»,=2.0
mmol s, H,=10 mmol s, and He (bank blowers) = 240 mmol s . The measurements
were performed along the vertical centerline.

caculated Mach number. However, this error is the same for al Pitot-static tube
locations so the relative Mach number profiles are a good representation of the
momentum boundary between the primary and the bank blower flows. The bank blowers
appear to confine the primary flow quite well with little lateral expansion or contraction
as the flow moves downstream. Defining the point at which the Mach number begins to

increase as the boundary between the primary and bank blower flows establishes the gain

length of the active medium to be 5.0 £0.3 cm (Wisniewski et al. 2003c).
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522

Vertical Pitot Tube and Doppler Veocity Profiles

Figure 5.4 shows an example of the lineshapes from the three detectors in the

“bow tie” optical setup shown in Figure 3.13 with measured parameters listed in Table

5.1. All measurements were performed for the P(3) ro-vibrational line of the first HF

overtone (v'=2, J=2 v=0, J=3). Because the two Doppler shifted lineshapes have nearly

the same peak gain, Gaussian widths and frequency shift with respect to the centerline

beam, thisis a good indication that the flow is symmetric about the horizontal centerline

of the laser cavity (Wisniewski et al. 2003b).
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Figure 5.4 Lineshapes from Doppler velocity measurement. The reagent flow rates used
in these measurements were F,=2.0 mmol s, H,=10 mmol s, He (bank blowers) = 240
mmol s, and He (base purge) = 15 mmol s*. The measurements were performed along
the vertical centerline and 4 cm downstream from the NEP.
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Table5.1. Doppler velocity measurement parameters taken 4 cm downstream of the
NEP on the vertical centerline. Note that the Doppler shift frequency is relative to the
transition frequency of the P(3) ro-vibrationa line of the first HF overtone (v'=2, J=2
v=0, JE=3).

Detector  Peak gain Doppler Shift Gaussian Width  Temperature

(% cm?) Freguency (MH2) (K)
(MH2z)
1 0.081 -174.5+5 530.3 210.1
2 0.076 0 524.0 205.2
3 0.079 172.5£5 529.6 209.7

The 5 MHz uncertainty in the Doppler shift frequency and 5% uncertainty in the
probe beam angle lead to an uncertainty in the computed velocity of approximately 100
m s* which is about 6% of the velocity measured at the vertical centerline 4 cm
downstream of the NEP. The subsequent Mach number calculation includes uncertainties
in velocity, static temperature and flow properties. As mentioned in Section 3.5.2, the
high dilution of the reactant flow streams makes the uncertainty in the flow properties
negligible. The 100 m s uncertainty in the velocity and estimated 15 K uncertainty in
the temperature produces a Mach number uncertainty of 0.17 which is approximately 9%
of the calculated Mach number at the vertical centerline 4 cm downstream of the NEP.

Figures 5.5 through 5.11 show vertical Mach number and/or velocity profiles at
downstream |ocations from x=2 cm to 8 cm. Pitot-static measurements were made at
x=2, 4, 6 and 8 cm. Doppler measurements were made at the same locations except at 2
cm where the angled beams were clipped by the window tunnel purge hardware. The
static pressures measured with the Pitot-static tube inserted from the top were nearly
identical with the static pressures measured at the wall pressure taps when the Pitot-static

tube was removed. The vertical profiles from Pitot-static tube measurements therefore
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don’'t appear to have the same channel blockage problem that was seen in the horizontal

measurements because a much smaller length of the tube was actualy in the flow.

The Doppler measurements at 4 cm downstream of the NEP (Figure 5.6) show a

peak velocity of about 1650 m s on the vertical centerline with velocity decreasing to

approximately 1450 m s* at 4 mm above or below the vertical centerline. This decrease

is due to the interaction of the primary flow with the subsonic base purge flow. The

Mach number profile is very similar; the peak value at the center is M=2.0 and Mach

number decreases to 1.67 at 4mm from the centerline. The Pitot-static tube

measurements at this downstream location have a similar profile but differ significantly

in magnitude with a peak Mach number at the centerline of 1.73. The difference may be

Mach number
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Figure5.5 Vertica Pitot-static tube Mach number profile taken 2 cm downstream of the

NEP.
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Figure5.6 Vertica Mach number and velocity profiles taken 4 cm downstream of the
NEP.
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Figure5.7 Vertica Mach number and velocity profiles taken 4.5 cm downstream of the
NEP.
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Figure 5.8 Vertical Mach number and velocity profiles taken 5 cm downstream of the
NEP.
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Figure5.9 Vertical Mach number and velocity profiles taken 6 cm downstream of the
NEP.
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Figure5.10 Vertical Mach number and velocity profiles taken 7 cm downstream of the
NEP.
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Figure5.11 Vertica Mach number and velocity profiles taken 8 cm downstream of the
NEP.
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partly explained by the low temperature measured during the Doppler test series at this
location. These temperatures are about 30 K lower than the temperature measured during
the small signal gain test series at the same location. The lower temperature means a
lower speed of sound, which would correspond to a higher Mach number for the same
velocity. The reason for the temperature discrepancy is unknown but could be explained
by a mis-calibration of the frequency axis while taking the Doppler data. This
explanation is somewhat suspect because other data taken on the same test day did not
have this problem. In addition, the mis-calibration of the frequency axis would likely
cause a shift in the peak separation that would affect the calculated velocity. However,
the velocity at this location seems to be in good agreement with the velocity at other
locations.

The Doppler Mach number profiles are similar at the other locations, with the
peak on or about the centerline. The region over which Doppler measurements can be
made decreases in the downstream direction because the small signal gain is decreasing.
As the gain decreases, the signal-to-noise ratio drops and it becomes more difficult to
resolve the difference in the peaks. Therefore the profile at the 8 cm downstream
location is restricted to aregion very close to the centerline. Figure 5.12 shows centerline
Doppler and Pitot-static tube Mach number measurements as well as the centerline
Doppler velocity data. The centerline flow velocity decreases dlightly in the downstream
direction going from 1650 m s* a 4 cm from the NEP to 1575 m s a 8 cm from the
NEP. The centerline Doppler and Pitot-static tube Mach numbers are nearly identical at

the 6 and 8 cm locations but differ by approximately 15% at the 4 cm location. This
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Figure5.12 Centerline Doppler velocity and Mach number measurements along with
Pitot-static tube Mach number measurements taken on the vertical centerline at various
downstream locations.

difference can be decreased to about 10% by using the temperature measured during the
small signal gain test series instead of the temperature measured in this test series.

The Doppler velocity measurements show that the centerline flow velocity
remains nearly constant at 1600 = 50 m s* while the Mach number decreases from about
2.0to 1.6 asthe flow moves from 4 to 8 cm downstream of the NEP. The Mach number
decrease is largely due to the 100 K increase in the static temperature of the flow over
thisdistance. The vertica profiles of Mach number from Pitot-static tube measurements
are in good agreement with the Doppler measurements under these conditions. However,
for higher power laser systems, with higher concentrations of reactants and higher Mach
numbers, more sophisticated Pitot-static tubes (i.e., thin wedged leading edges, liquid
cooled) would probably be required. Doppler measurement may be a better technique

under these conditions because it is non-intrusive and avoids the inherent problems of
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traditional flow measuring devicesin small channels. This technique can be applied to
other types of flow systems provided an appropriate chromophore and resonant sub-

Doppler tunable laser source is available.
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5.3 Vertical Gain and Temperature Mapping

Vertical gain and temperature mapping of the laser cavity was performed for the
four cases described by the nominal flow conditions listed in Table 5.2 (Wisniewski et al.
2003a). The primary differences between these cases are the H; and F, flow rates. The
four cases are referred to by their respective nominal F» and H; flow ratesin mmol s?.
For the (F»=1, H,= 5) flow case the dissociation fraction, as measured by the titration
experiments, is 1.0 resulting in an F atom flow rate of 2.2 mmol s 1 The (F2=2, H,=10)
flow case doubles the F, flow rate but because the dissociation fraction decreases to 0.75
the resulting F atom flow rate in the nozzle only increases by 40% to 3.1 mmol s™*.
Further increases in F, flow rate do not produce higher F atom flow rates due to the
decrease in dissociation fraction. The (F2=3, H,=10) flow case therefore has the same F
atom flow rate as the (F,=2, H,=10) case but with an increased amount of undissociated
F» in the nozzle. The stoichiometric required H, to F atom ratio is 1.0 for the H, + F ?
HF + H reaction. The (F>=1, H,=5), (F2=2, H,=10), (F>=3, H,=10) flow cases have H, to
F atom ratios of 2.4, 3.3 and 3.3, respectively. These fuel rich mixtures are typical for
HF lasers and are an attempt to increase the cold pumping rate of reaction. The (F>=2,
H,= 27) flow case increases this ratio to 8.7.

Table 5.3 lists the resulting cavity and plenum pressures for the four flow cases,
with the description and location of each transducer given in Table 3.2. The total primary
Hediluent flow rate was adjusted for each flow case to maintain a plenum pressure of
approximately 27 torr. The (F2=1, H,= 5) flow case therefore has a higher primary flow
rate resulting in a significantly lower F atom concentration. Likewise, the (F,=3, H,=10)

flow case has the lowest primary He diluent flow rate and the highest F atom
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Table 5.2 Nominal flow rates (mmol s*) for gain and temperature mapping flow
conditions. Full description of flow designations are given in Table 3.1 of Section 3.1.1.

Flow Flow F=1 F=2 F=2 F>=3
Designation Name H>=5 H>=10 H,=27 H>=10
MFHE1L Catﬁgde 15.3 15.3 15.1 15.4
MFHE2 P 5.4 53 5.0 8.6
Diluent
MFHES3 Primary He 711 55.5 56.0 36.7
Diluent
MFFO1
(80% He 209 F) F, 56 10.2 10.2 15.4
F, at discharge
g 11 20 2.0 31
Total F'T;'mar Y | 962 84.2 84.4 73.0
F aomsin 2.2 31 31 3.1
Plenum
F, in Plenum 0.0 0.5 0.5 15
MFH21 H, 5.2 10.2 27.0 10.3
MFHE4 Secondary He | 114 10.2 10.1 10.3
Injection
MFHES H 30.7 24.3 0.0 24.2
Diluent
MFESRD Base Purge 15.4 15.2 15.1 15.2
Flow
MFCUR Curtain Flow | 2406 240.4 239.8 240.3
MFTUN Tunnel Purge 10.4 10.3 10.2 10.2

concentration. The H, diluent flow rate was also adjusted to maintain the total
momentum of the flow through the H, injection holes. The (F,=2, Hp= 27) flow case has
no Hy diluent and therefore the highest H, concentration in the injected flow stream while
the (F>=1, H,= 5) flow case has the highest H, diluent flow and the lowest H,
concentration in the injected flow stream. By holding the plenum and cavity pressures

constant between the different flow cases, the flow velocity in the cavity is held relatively
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Table5.3 Nominal pressures (torr) for flow conditions listed in Table 5.2. Location and
description of transducers are given in Table 3.2 of Section 3.1.2.
Transducer F=1 F,=2 F,=2 F,=3
Designation H,=5 H,=10 H,=27 H,=10
PVCA1 2.7 3.0 2.9 3.5
PVCA2 2.7 29 2.9 3.6
PVCA3 2.6 3.0 3.1 3.6
PVCA4 2.6 2.8 2.7 3.3
PVCA5 2.5 2.9 2.9 35
PVCAG6 2.4 2.5 2.6 2.9
PVCA7 252 2716 276 270

constant. Thisisimportant because the velocity significantly affects the gain distribution
in the streamwise direction.

The primary source of bias uncertainty in the small signal gain measurement
comes from uncertainty in the gain length, which was estimated from the Pitot-static
probe measurements in Section 5.2.1 to be + 6%. The only other bias errorsin the gain
measurement stem from uncertainties in the probe beam intensity measurement caused by
the data acquisition system and fluctuations in the laser diode, all of which are
significantly smaller than the uncertainty in the gain length and can therefore be ignored.
The precision uncertainty of the small signa gain was estimated by determining the
standard deviation of measurements made at the same location and flow conditions.
Severa lineshapes from each sampled laser hot fire were analyzed to increase the
statistical sample size. Table 5.4 shows the results of this analysis, which was performed
at two different locations having very different average gains. At alocation with an
average small signal gain of 0.14 % cmi* the resulting standard deviation, s ¢ Was 0.002
% cm® corresponding to a precision uncertainty, 2 s g Of 3.0 % of the average measured

gain. Because the standard deviation of the gain was the same at alocation where the
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Table5.4 Results of small signal gain and temperature precision uncertainty analysis.

Gain Gain Temperature Temperature
Average Gain Standard Precision Standard Precision
(% cmt) Deviation (s ) Uncertainty Deviation (S1) Uncertainty
(% cm?) (2s9 (K) (2s7)
0.14 0.002 3.0% 5 4.5%
0.02 0.002 20 % 25 18%

average small signal gain dropped to 0.02 % cmi?, the corresponding precision
uncertainty increased to 20% of the average measured gain.

The static temperature was determined from Equation (2.58) in which al the
variables are known to very high accuracy except the measured Gaussian linewidth. The
primary source of bias uncertainty is therefore caused by mechanisms that broaden the
lineshape but do not add to the Gaussian linewidth. However, the excellent curve fits
attained by fitting the measured lineshapes with Gaussian profiles (as shown in Figure
3.10) indicate that these effects are insignificant and that the lineshapes are dominated by
Doppler broadening. The precision uncertainty was estimated in the same manner as that
for the small signal gain and is also listed in Table 5.4. At the location where the average
gain was 0.14 % cm* the standard deviation of the temperature, s, was5 K with a

corresponding precision uncertainty, 2 s, of 4.5 % of the average measured temperature.

Since st increases to 25 K at the location where the average gain is 0.02 % cmi?, the
corresponding precision uncertainty is 18 % of the average measured temperature. The
increase in the precision uncertainty is indicative of the difficulties in fitting the lineshape
with poor signal-to-noise ratio for the lower average gain case.

Before discussing the vertical gain profiles afew definitions arein order. The

term “peak gain” refers to the maximum gain within a vertical profile at a specified
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streamwise location. The term “maximum peak gain” refers to the maximum gain at any
streamwise location for a particular flow condition. Vertical gain profiles were made
every 0.5 cm starting at 0.5 cm downstream of the NEP going out to 5.5 cm downstream
of the NEP for the (F,=1, H»=5), (F»=2, H,=27) and (F»=3, H,=10) cases and out to 9.0
cm downstream of the NEP for the (F,=2, H,=10) case. Figures 5.13 through 5.16 show
vertical gain profiles for the four flow cases at distances of 0.5, 2.0, 3.5 and 5.5 cm
downstream of the nozzle exit plane (NEP), respectively. The gain shown in these
figuresisfor the P3 [(v'=2, J=2) to (v=0, J=3)] overtone transition. In these figures, the
solid black lines at £ 4.778 mm from the centerline represent the vertical height of the
nozzle at the NEP. Since, the H; flow isinjected at nearly this vertical location at a 15°
angle toward the centerline, the bulk of the reactants lie in the region between these lines.
Outside of this region the flow is dominated by the He base purge flow. The
reactants/products of the cold pumping reaction and the base purge flow will obviously
diffuse across these imaginary nozzle extension lines but they can be used as useful
reference lines. The height of the cavity downstream of the NEP is 2.85 cm, or £14.2
mm from the centerline.

At the 0.5 cm location all the flow cases have a distinctive double humped gain
profile with nearly zero gain at the vertical centerline and peak gains about halfway
between the centerline and nozzle extension lines. The lack of gain at the centerline
indicates that the H, flow stream has not penetrated to the vertical centerline and
therefore HF(v) cannot be produced there. The (F2=2, H,=10), (F2=2, H,=27) and
(F2=3, H,=10) flow cases all have generally the same gain profile shape with very similar

peak gain that is significantly higher than the (F>=1, H,=5) flow case. The smaller peak

138



0.15 A
F=1,H=5
—— F;=2,H,=10
0.10 - F=2, H,=27
a —&— F,=3,H,=10
IS
(&) —=— uncertainty
9\?/
c 0.05 A N
; \
© (
& R
‘m 0.00 A XXX\‘}— S—0——=%
E
-0.05
-0.10 T T T T T

-10 -5 0 5 10

distance from centerline (mm)

Figure5.13 Vertical P3 overtone small signal gain profiles 0.5 cm downstream of NEP.
Solid black lines indicate the vertical height of the nozzle at the NEP. Error bars
represent 6% bias and 0.002 % cni’ precision uncertainties.
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Figure5.14 Vertical P3 overtone small signal gain profiles 2.0 cm downstream of NEP.

Salid black lines indicate the vertical height of the nozzle at the NEP. Error bars
represent 6% bias and 0.002 % cni' precision uncertainties.
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Figure5.15 Vertical P3 overtone small signal gain profiles 3.5 cm downstream of NEP.
Salid black lines indicate the vertical height of the nozzle at the NEP. Error bars
represent 6% bias and 0.002 % cni’ precision uncertainties.
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Figure5.16 Vertical P3 overtone small signal gain profiles 5.5 cm downstream of NEP.

Solid black lines indicate the vertical height of the nozzle at the NEP. Error bars
represent 6% bias and 0.002 % cmi* precision uncertainties.
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gain for the (F2=1, H,= 5) flow conditions is due to the significantly reduced F atom and
H, concentrations caused by higher diluent flows.

At the 2.0 cm location the (F,=3, H>=10) gain profile has become noticeably
narrower with higher centerline gain than any other case. The vertical location of the
peak gain for the (F,=3, H»,=10) flow case aso occurs closer to the vertical centerline
than it does for the other flow cases at this downstream location while the peak gain
location for the (F>=1, H,= 5) case occurs further away from the centerline than for the
other flow cases. The shift in the peak gain location may result from the flow exiting the
nozzle being deflected by oblique shocks and /or expansion fans that result from
over/under expansion of the nozzle flow. This could also account for the narrower gain
profile of the (F,=3, H,=10) flow case. Unfortunately measurements were not made that
would determine the strength or location of the shocks/expansion fans. An analysis of
the effects the shocks/expansion fans have on the flow field is made with the help of the
2-D computer model in Section 5.4.5.

At the 3.5 cm location the peak gain of the (F,=1, H,= 5) flow case has surpassed
the peak for the (F,=3, H»=10) flow case and is only dlightly lower than the other two
cases. The centerline gain has increased significantly for all the flow cases while the
location of the peak gain has moved closer to the vertical centerline. At this downstream
location the (F.=2, H,=10) flow case shows significant levels of absorption (i.e., negative
gain) in the region outside of the nozzle extension lines. For the (F,=3, H,=10) and
(F2=2, H= 27) flow cases the absorption extends within the nozzle extension lines.

At 5.5 cm downstream of the NEP the (F,=2, H»=10), (F>=2, Hp= 27) and (F»=3,

H,=10) flow cases al show peak gain at the vertical centerline while the (F>=1, H,=5)
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case dtill has adight dip in gain at the centerline. The gain region for the (F2=2, H,=10),
(F2=2, Hy=27) and (F>=3, H,=10) flow cases s restricted to the region between +2.5 mm
from the vertical centerline and the peak is greatly reduced for the (F,=3, H,=10) flow
case.

These data trends may aso be illustrated by separately plotting the peak gain and
centerline gain as functions of distance downstream of the NEP. These results for the
four flow cases are shown in Figures 5.17 and 5.18, respectively. Note that locations for
the peak within each gain profile shown in Figure 5.17 are presented in Figure 5.19. The
maximum peak gain for the (F,=2, H,=10), (F2=2, H,=27) and (F,=3, H»,=10) flow cases
occurs at 1.0 cm downstream of the NEP. The higher H, flow rate for the (F,=2, H,=27)
flow case creates a slightly higher maximum peak (0.17 % cm?) than the (F,=2, H,=10)
and (F,=3, H,=10) cases, each of which has a maximum peak gain of about 0.15 % cmi™.
The downstream decrease in peak gain is about the same for the (F»=2, H,=10) and
(F2=2, Hp= 27) cases, while the (F»,=3, H,=10) decrease is noticeably steeper. The peak
gain values for the (F,=1, H= 5) flow case start low and increase gradually until reaching
amaximum about 3.5 cm downstream of the NEP and then gradually decreasing. The
(F2=2, H,=10) and (F>=2, H,=27) flow cases show a large increase in centerline gain by
2.5 cm while the jump in centerline gain for (F»=3, H,=10) flow case happens by 2.0 cm.
The (F>=1, H»=5) flow case does not have a sudden increase in centerline gain but instead
shows a gradual rise starting at about 2.0 cm downstream of the NEP. Thisislikely the
result of the lower F atom and H, concentrations for this flow case due to the higher

diluent ratio.
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Figure5.17 P3 overtone small signal gain measured at the peak gain location. Peak gain
refers to the maximum gain within a vertical profile at each streamwise measurement
location. Error bars represent 6% bias and 0.002 % crmi® precision uncertainties.
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Figure 5.19 shows the vertical location of the peak within each gain profile for the
four flow cases versus distance downstream of the NEP. The peak gain for al flow cases
occurs between 2.5 and 3.5 mm from the vertical centerline at 0.5 cm downstream of the
NEP (as seen in Figure 5.13). Peak gain for the (F,=2, H,=10) and (F»>=2, H,= 27) cases
occurs between 2.5 and 3.0 mm from the vertical centerline through about 2.0 cm
downstream of the NEP after which the peaks move toward the centerline. Peak gain for
the (F.=2, Hy= 27) occurs at the centerline by 3 cm downstream of the NEP while in the
(F>=2, H»,=10) case peak gain does not occur at the centerline until 5 cm downstream of
the NEP. The higher H, concentration in the (F,=2, Hp= 27) flow case creates a higher
diffusion velocity allowing the H, to reach the centerline sooner. The location of peak
gain for the (F>=3, H»=10) flow case moves toward the center line most quickly among

all flow cases, moving from 3.5 to 1.5 mm from the vertical centerline over the first 2.0
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Figure5.19 Vertica location of the peak gain shown in Figure 5.17.
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cm. The location of peak gain remains at that vertical location through 3.0 cm after
which it moves steadily toward the centerline, reaching the centerline by 4.5 cm
downstream of the NEP. The location of peak gain for the (F,=1, H,=5) case initialy
moves dlightly away from the centerline then moves toward it and away again. The peak
gain occurs 1.5 mm from the centerline at 5.5 cm downstream of the NEP because
diffusion of H, isso dow. As stated previoudy, the location of peak gain may be
influenced by oblique shock and expansion fan patterns created by the over/under
expansion of the primary nozzle flow.

The centerline and peak gain values have been used to describe the streamwise
gain distribution of the four flow conditions. Although useful comparisons can be made
in this way, these distributions cannot include the vertical profiles of gain. To properly
compare the total gain produced by the different flow conditions versus downstream
location the gain must be averaged over the vertical height of the profiles. Thisis of
particular interest in assessing laser output power performance. When producing laser
output power, energy is extracted from the flow field across the full vertical and
horizontal (streamwise) aperture of the resonator. The resonator effectively integrates the
gain profilesin both directions. Therefore it is not just the peak or centerline gain that is
of importance for laser performance but the total gain. Since variations in gain are much
larger in the vertical direction than in the streamwise direction, vertical averaging of the
gain profilesis sufficient to compare the overall performance of the four flow conditions.
Figure 5.20 shows the vertically-averaged gain as a function of streamwise location for
the four flow cases. The gain has been averaged over the vertical profile between £5 mm

from the vertical centerline because that is the region with reliable data. Moreover the
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resonator aperture height is 1 cm. The lower average gain for the (F,=1, H,=5) flow
condition is consistent with the lower F atom concentration which reduces the cold
pumping rate of reaction and stretches the gain in the downstream direction. The
maximum values of vertically-averaged gain for the other three case are nearly the same.
The shift of the maximum peak gain closer to the NEP for the (F,=2, H,=27) and (F»=3,
H,=10) cases is probably due to increases in the cold pumping rate of reaction for these
flow conditions. The cold pumping rate of reaction increases for the (F,=2, H,=27) case
because of the higher H, concentration and for the (F,=3, H,=10) case because of the
higher cavity pressure.

Figures 5.21 through 5.24 show vertical temperature profiles for the four flow
cases at distances of 0.5, 2.0, 3.5 and 5.5 cm downstream of the nozzle exit plane (NEP),

respectively. Temperature can only be determined in regions where the gain is high
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Figure5.20 Measured P3 overtone small signal gain averaged over the vertical profile
between + 5 mm from the vertical centerline.
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enough to resolve the transition lineshape. There is significantly more scatter in the
temperature data for the (F,=3, H,=10) flow case at all streamwise locations. The cause
of thisis not immediately evident. In regions where the gain is small, the signal-to-noise
ratio will decrease making it more difficult to fit the lineshape and increase the certainty
of the temperature measurement. At the 0.5 cm location shown in Figure 5.21 each
temperature profile has minima at locations that correspond roughly to the vertical
locations of the peak gain. One may think that the temperature at the peak gain location
should be high due to heat release from the cold pumping reaction. However, the peak
gain location aso corresponds to high H, concentration. The total temperature of the Hy
jet is basically ambient, or 300 K, while the primary nozzle flow was heated by the
discharge tube to 400 to 500 K before entering the nozzle.

At the 2.0 cm location temperature profiles shown in Figure 5.22 for the (F>=1,
H.=5), (F>=2, H,=10) and (F,=2, H,= 27) flow cases have minima near the vertical
centerline with temperature increasing by 50 to 75 K at the nozzle extension lines. These
profiles are influenced by the vertical velocity profile, which peaks at the vertical
centerline and decreases to the nozzle extension lines where the supersonic primary
nozzle flow interacts with the subsonic base purge flow. The cause of the temperature
peak at the vertical centerline of the (F,=3, H»=10) flow case is unknown. Perhaps the
significantly narrower gain distribution at this downstream location shown in Figure 5.14
means that the reaction zone is smaller and the heat from the cold pumping reaction is
being released in a more confined region. At the 3.5 cm and 5.5 cm downstream

locations the temperature profiles (shown in Figures 5.23 and 5.24) are flatter probably
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Figure5.21 Vertical static temperature profiles 0.5 cm downstream of NEP.
Temperature is determined from Gaussian curve fit of the P3 overtone small signal gain
trangition lineshape. Solid black lines indicate the vertical height of the nozzle at the
NEP.
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Figure5.22 Vertical static temperature profiles 2.0 cm downstream of NEP.
Temperature is determined from Gaussian curve fit of the P3 overtone small signal gain
trangition lineshape. Solid black lines indicate the vertical height of the nozzle at the
NEP.
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Figure5.23. Vertical static temperature profiles 3.5 cm downstream of NEP.
Temperature is determined from Gaussian curve fit of the P3 overtone small signal gain
trangition lineshape. Solid black lines indicate the vertical height of the nozzle at the
NEP.
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Figure5.24 Vertical static temperature profiles 5.5 cm downstream of NEP.
Temperature is determined from Gaussian curve fit of the P3 overtone small signal gain
trangition lineshape. Solid black lines indicate the vertical height of the nozzle at the
NEP.
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due to aflatter velocity profile. There is a significant increase in scatter at vertical
locations far from the peak gain near the centerline.

Figure 5.25 shows the streamwise distribution of temperature at the vertical
location of the peak gain for the four flow cases given in Figure 5.19. It should be noted
that these measurements were not taken at the same vertical locations. Thisisa
necessary consequence of the temperature measurement, which requires an adequate gain
signal in order to resolve the transition lineshape. The (F.=2, H,=10), (F»>=2, H,=27) and
(F>=3, H»=10) flow conditions show streamwise temperature oscillations of about 50 to
100 K (peak to valley). The peaks are separated by about 2 cm in the downstream
direction and occur at about the same downstream location for these three flow
conditions. The temperature oscillations for the (F,=1, H,= 5) flow condition are
somewhat less pronounced than for the other flow conditions. The difference in
temperature level between these four flow casesis likely due to the different He diluent
flow rates. The higher the diluent flow rate the lower the overall temperature. Each
profile shows a general increase in temperature in the streamwise direction, which is
separate from the temperature oscillations. This is expected due to the heat release of the

cold pumping reaction.
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Figure5.25 Static temperature measured at the peak gain locations of Figure 5.19.
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measurement, which increases as gain decreases.
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5.4 Dataand Model Comparison

54.1 Premix Model Sensitivity to Kinetics

Figure 5.26 shows predicted P3 overtone (v=2 to v=0) small signal gainasa
function of downstream location for a series of premix cases in which only selected
chemical reactions are alowed to proceed. By running the model in premix mode, the
effects of the chemical kinetics can be seen without the complication of reactant mixing;
this allows the dominant chemical reactions to be identified. Table 5.5 lists the nine
cases that were run. Each case adds a new reaction or set of reactions to the previous
case. It isimportant to note that each new case adds both the forward and reverse

reactions listed in Table 5.5. In al cases, the (F>=2, H,=10) flow conditions listed in

Table 5.2 were used.
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Figure5.26 Predicted small signal gain for premixed (F,=2, H»,=10) flow conditions for
Kinetics cases specified in Table 5.5.
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Table5.5 Premix kinetics cases. Each case adds the forward and reverse chemical
reaction listed to those in the previous case with all other rates set to zero.

Case number
Cold Pumping ?
. Reaction F+H,? HF(v)+H
Hot Pumping A
’ Reaction Fo+H? HF(v)+F
V-V energy transfer . '
° with HF HF(V)+HF(v)? HF(v+1)+HF(v'-1)
V-V energy transfer - _ .
! with Hy HF(v)+H2(v")? HF(v-1)+H(v'+1)
Reactive
= )
> Quenching HF(v=4)+H? Ho+F
V-T Sdf
? :
° Deactivation HF(v)+HF(0)? HF(v-1)+HF(0)
V-T Energy
7 Transfer with HF(v)+M? HF(v-1)+M
M= Hy, F, Heand F>
FHuorine
Dissociation and ,
® Recombination F+F+M? F+M
V-T energy transfer 3
? with H atoms HF(v)+H? HF(v-1)+H

Case 1 isthe most basic reaction set. It includes only HF generation via the cold
pumping reaction with no deactivation. Hence, the predicted gain increases until al the F
atoms are consumed and a maximum gain of nearly 0.7% cm* is achieved. Case 2 shows
that adding the hot pumping reaction only slightly decreases the predicted maximum
overal gain. Since the dissociation fraction is ~75% for the flow conditions selected
here, there is a significant amount of F, in the flow and one would expect the hot reaction
to enhance the gain. However, the combination of a small rate constant and the diffuse
vibrational distribution of product HF produced by the hot reaction greatly reduces this
effect. The reverse hot pumping reaction, which consumes both vibrationally excited HF

and F atoms, is the most likely cause of the observed gain decrease.
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Case 3 adds the V-V energy transfer reactions between excited HF molecules.
These reactions have a dramatic effect on the predicted maximum gain, lowering it by
amost 60% to 0.3 % cmit. The kinetics become dominated by these reactions very
quickly to change the gain from increasing asymptotically in the streamwise direction for
the cold pumping reaction (case 1) to decreasing asymptotically in the streamwise
direction within 2 cm of the NEP. It will be shown in Section 5.4.4 that the rather large
uncertainty in the rate constants for these reactions presents a significant obstacle in
trying to predict laser system gain.

Case 4 adds V-V energy transfer between excited HF and H, molecules and has a
negligible effect on the gain. Case 5 adds reactive quenching for HF(v=4). Thereverse
cold pumping reaction aready includes reactive quenching for HF(v=3). These reactions
have no effect on the predicted maximum gain but do increase the gain further
downstream compared to case 4 by converting the higher (v=4) vibrationally excited HF
molecules into F atoms that can be used to create more HF(v=2). However, this
downstream gain increase is taken away in case 6 by adding V-T self deactivation. Cases
7 and 8 add al other V-T energy transfers and the three-body fluorine
recombination/dissociation reactions, respectively. Each has negligible effect on the
predicted maximum gain and gain distribution in the flow direction.

The V-T deactivation of HF(v) by H atoms was saved for case 9 because of a
disagreement in the literature concerning this reaction mechanism. As stated in Section
2.2.5 the rate for HR(v= 3) deactivation by H atoms is much faster than the rate for
HF(v=2) deactivation. This creates a*bottleneck” in the deactivation path toward

equilibrium that takes all the higher vibrationa energy and putsit into v=2. Figure 5.26
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shows that these reactions correspondingly increase the predicted peak gain by ~25% as
compared to case 8. The dramatic gain increase caused by these deactivation reactions
raises some skepticism as to their legitimacy. In light of this, we have decided to follow
the recommendation of Bartoszek et a. (1978) and remove them from the kinetics
package. Removing these rates may be considered somewhat controversial due to the
fact that some form of this deactivation mechanism is included in most HF laser kinetics
models. However, by following the last available published opinion on the subject, we
feel judtified in this action. Since the model, in both premix and mixing modes,
consistently overpredicts the measured gain, removing these reactions improves
agreement with the data. Clearly an experimenta investigation is needed to resolve this
issue.

The significant result from this premix analysisis that, to a very good
approximation, the chemical kinetic system of this HF laser is defined by the cold
pumping reaction and V-V energy transfer between excited HF molecules (case 3). The
much slower V-T energy transfer, hot pumping, reactive quenching and three-body
recombination reactions each has a small effect on the predicted gain. However, since
computation time is not a significant factor, these reactions were kept (except for
HF(v)+H? HF(v-1) +H added in case 9) and all subsequent predictions were made with

a kinetics package represented by case 8.

542 Mode Turbulence Effect

As stated in Chapter 4.0, the 2-D code cannot predict the actual 3-D turbulent flow

field. However, the turbulence model within the 2-D code can simulate the overall effect
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turbulence has on the flow. In particular, we would like to know the degree of mixing
enhancement between the F atom and H, flow streams that can be attributed to
turbulence. This section compares predictions with the turbulence model turned on and
turned off. All these code runs were performed with the (F,=2, H,=10) flow conditions
and a kinetics package represented by case 8 as described in Section 5.4.1. The flow
distribution at the nozzle exit plane (NEP) was set so that the injected H, flow filled the
area between the primary F atom flow and the nozzle wall (i.e., input parameter
imesh=2). To run the turbulence model, the turbulence intensity in each of the primary,
H,, He injection, and base purge flow streams must be specified at the NEP. Three cases
were chosen with initial turbulence intensity (for all streams) of 0.5%, 1% and 2%,
respectively, and the output was analyzed with respect to the change in reactant mixing.
Figures 5.27, 5.28, 5.29 and 5.30 show H,, F atom and HF(v=2) vertical
concentration profiles for laminar and turbulent (with 1% initial turbulence intensity)
cases at distances of 0.025 cm, 2 cm, 4 cm, and 6 cm from the NEP, respectively. At
0.025 cm the laminar and turbulent profileslie on top of each other and show the initial
distributions of the primary and injected flows specified by the model injection scheme.
The gap between the F atom and H, flows at around 4 mm from the centerline is the
secondary He injection flow. At 2.0 cm downstream of the NEP, the HF(v=2)
concentration has grown in the region where the F atom and H, concentrations overlap.
This overlap region defines the reaction zone of the cold pumping reaction. By the time
the flow reaches 4 cm downstream of the NEP, the F atom concentration at the vertical
centerline has decreased significantly more for the turbulent case than for the laminar

case. The decrease in F atom concentration corresponds to an increase in HF(v=2)
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Figure5.27 Predicted vertical concentration profiles 0.025 cm downstream of the NEP
for the (F,=2, H,=10) flow conditions. Turbulent modeling case has 1% initial

turbulence intensity.
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Figure5.28 Predicted vertical concentration profiles 2.0 cm downstream of the NEP for

the (F.=2, H,=10) flow conditions. Turbulent modeling case has 1% initial turbulence
intensity.
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Figure5.29 Predicted vertical concentration profiles 4.0 cm downstream of the NEP for
the (F.=2, H,=10) flow conditions. Turbulent modeling case has 1% initial turbulence

intensity.
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concentration at the vertical centerline. The difference between turbulent and laminar
centerline F atom and HF(v=2) concentrations continues to grow as the flow moves
downstream. Interestingly enough, the peak HF(v=2) concentration at each streamwise
location is nearly identical for these two modeling cases. This indicates that the mixing
enhancement provided by the flow turbulence widens the reaction zone but does not
reduce the concentration at the peak.

Figures 5.31 and 5.32 show the P3 overtone (v=2 to v=0) gain at the peak and
vertical centerline locations, respectively, for the turbulent and laminar predictions. The
premix predictions and measurements are included for comparison. The mixing
enhancement created by the turbulence allows the reaction zone and therefore also the
gain to reach the centerline closer to the NEP. The peak gain also moves closer to the
NEP and increases in magnitude due to the greater F atom utilization. The peak gain for
the turbulent flow case is just dightly higher than for the laminar flow cases. This again
illustrates that the mixing enhancement due to turbulence stretches the reaction zone in
the vertical direction without reducing the gain at the peak location and thus turbulence
has a much greater effect on centerline gain than on peak gain.

Figures 5.31 and 5.32 also show the peak and centerline gains, respectively, for
the experimental data and the premix predictions. The premix case represents the limit
of infinitely fast mixing and has a nearly uniform gain across the vertica profiles, being
only dightly affected by the interaction between the primary flow and the base purge
flow. For the premixed case, the gain reaches a maximum 1.5 cm downstream of the

NEP and then fals off sharply as V-V energy transfer begins to dominate the kinetics.
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Figure5.31 Measured and predicted peak gain for (F,=2, H,=10) flow conditions.
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Figure 5.32 Measured and predicted centerline gain for (F.=2, H,=10) flow conditions.
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By increasing the initial turbulence intensity up to 2%, the turbulent mixing
predictions are only slightly closer to the premix predictions of peak gain. Ignoring for
now the difference in magnitude between the measured gain and the turbulent
predictions, we see some interesting trends in the shape of the curves. The predictions
for 2% initia turbulent intensity case agree quite well with the measured onset of gain at
the vertical centerline. The location where the centerline gain begins to decrease (~ 5 cm
from the NEP) and the slope of the decrease also agree well. However, as shown in
Figure 5.31, theinitial peak gain and the downstream location of the maximum peak gain
are significantly different in the measurements and the turbulent predictions. At 0.5 cm
downstream of the NEP the model substantially underpredicts the measured peak gain but
the predictions quickly surpass the measurement by 1.5 cm downstream of the NEP,
reaching a maximum about 3.0 cm downstream of the NEP. Increasesin theinitial
turbulence intensity have a much smaller effect on the peak gain than on the centerline
gain. Further increasing the initia turbulence intensity beyond 2% will decrease the
agreement between the predicted and measured gain at the centerline with only a
margina improvement in the agreement in the predicted and measured peak gain. It does
not appear that turbulent mixing of the flow field can account for the differences between
the shapes of the measured and predicted gain curves. Some other mixing mechanism
not accounted for in the 2-D turbulence model must have a strong influence on the flow
fied.

Figure 5.33 shows the vertically-averaged gain for the premix, laminar, and
turbulent (with 1% initial turbulence intensity) predictions as a function of downstream

location. The maximum average gains for the premix, turbulent and laminar modeling
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cases are 0.135, 0.054 and 0.047 % cmi, respectively. The difference in average gain
between the three different modeling cases may be explained by the utilization of F
atoms, which isillustrated in Figure 5.34. F atom utilization, Ur aiom, 1S defined as:

F atom flow rate
inittd F atom flow rate

U (5.1)

Fatom — =+~

At the location of maximum average gain the turbulent and laminar modeling cases
predict F atom utilizations of 39 and 34%, respectively, asindicated by the arrows.
Therefore, a modest 5% increase in F atom utilization created by turbulent mixing
produces a significant 16% increase in maximum vertically-averaged gain. As expected
the premix case has the best F atom utilization with a value of 63% at the maximum

vertically-averaged gain location (~ 1.5 cm from the NEP), which produces a maximum
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Figure5.33 Predicted vertically-average gain for (F.=2, H,=10) flow conditions.
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Figure5.34 Predicted F atom utilization for (F,=2, H,=10) flow conditions. Arrows are
at the locations of maximum vertically-averaged gain in Figure 5.33
vertically-averaged gain amost 200% greater than the maximum for the laminar
modeling case. Therefore with the possibility of huge improvementsin laser power for
small increases in mixing performance, the importance of mixing inside the laser cannot

be overemphasized.

54.3 Modd Injection Scheme Effect

The imesh=2 injection scheme used in the previous section to investigate the
effects of turbulence on the flow field uses a conservation of momentum argument to fix
the size and location of the injected flow streams at the nozzle exit plane (NEP). This
method ignores completely the large-scale vortex structures that are created by shear

stresses between the injected and primary flows. One of the dominant vortex structures
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that develops is the counter-rotating streamwise-oriented vortex pair discussed in Section
2.3.1. These structures cause part of the primary flow to be entrained into the injected
flow jet and circulated around from the upstream side to the downstream side of the jet.
Vorticity is a complex 3-dimensional flow phenomenon that is further complicated in this
situation by the interaction of the secondary He injector jets and impingement of jets
from adjacent injection holes. The net effect of these vortex structures is to transfer some
portion of the primary flow from the center region to the area between the H, injection
flow and the nozzle wall. Since the shear stresses are largest at the point of injection and
diminish as the jets are turned parallel to the primary flow, the bulk of the vorticity is
likely to be generated by the time the flow reaches the NEP.

Setting the computer model input parameter imesh=3 allows the location and
relative size of the H, and secondary He injection jets to be specified at the NEP.
Placing the H, jet away from the nozzle wall automaticaly fillsin the region between the
jet and the wall with a portion of the primary flow. The imesh=3 injection scheme can
therefore, to a very crude approximation, simulate some of the counter-rotating vortex
pair effects. Again it must be emphasized that the 2-dimensional code has, by definition,
zero axial vorticity and thisis merely an attempt to model, as best we can, the zeroth-
order effects of the jet injection. Additionaly, unlike the turbulence model, which
propagates an initial assumed turbulence intensity downstream, this injection scheme
only attempts to represent the effect of the large-scale vorticity structures at asingle
downstream location in the flow field. However, despite the crudeness of this attempt,
the results of this computer experiment say some interesting things about the mixing

inside HF laser nozzles.
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All of the modeling predictions presented in this section are for the (F.=2, H,=10)
flow conditions listed in Table 5.2. Figures 5.35, 5.36, 5.37 and 5.38 show the vertical
H,, F atom and HF(v=2) concentration profiles for the imesh=2 and imesh=3 modeling
cases at 0.025 cm, 0.5 cm, 2.0 cm and 4 cm downstream of the NEP, respectively. Both
cases were run with the turbulence model active and 1% initial turbulence intensity for al
streams. The imesh=2 case isidentical to the turbulent mixing case of Section 5.4.2. The
jet location and size input parameters required for the imesh=3 case were determined by
iteration to obtain approximate agreement between the measured and predicted gain
profiles 0.5 cm downstream of the NEP. The 0.025 cm concentration profiles for the
imesh=3 case in Figure 5.35 show the H; jet centered 3.2 mm from the vertical centerline
with flow of F atoms on either side. The dip in the F atom concentration 2.3 mm from the
centerline is caused by the secondary He injection jet. This simulation shows one benefit
of the large-scale vortex structures is to give additiona surface area contact between the
H, and F atom flows. In fact, in three dimensions the H, jet would be surrounded and
entrained with the primary flow. At 0.5 cm downstream of the NEP, the HF(v=2)
concentration in Figure 5.36 has grown on each side of the H, jet and the F atom flow
between the H; jet (centered at 3.2 mm) and the upper surface of the laser cavity is
greatly reduced.

By 2.0 cm downstream of the NEP in Figure 5.37, the F atom flow between the
H jet and the upper cavity surface is nearly depleted and a small amount of HF(v=2) has
reached the centerline. This shows that the reaction zone has expanded in the vertical
direction with a corresponding increase in F atom utilization. By 4.0 cm downstream of

the NEP in Figure 5.38 there is more HF(v=2) at the centerline for the imesh=3 case and
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Figure5.35 Predicted imesh=2 and imesh=3 concentration profiles 0.025 cm
downstream of the NEP for the (F,=2, H,=10) flow conditions with 1% initia turbulence

intensity.
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Figure5.36 Predicted imesh=2 and imesh=3 concentration profiles 0.5 cm downstream
of the NEP for the (F,=2, H,=10) flow conditions with 1% initia turbulence intensity.
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Figure 5.37 Predicted imesh=2 and imesh=3 concentration profiles 2.0 cm downstream
of the NEP for the (F,=2, H»,=10) flow conditions with 1% initia turbulence intensity.
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Figure 5.38 Predicted imesh=2 and imesh=3 concentration profiles 4.0 cm downstream
of the NEP for the (F,=2, H»,=10) flow conditions with 1% initia turbulence intensity.
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the peak HF(v=2) location is dightly closer to the centerline than for the imesh=2 case.
Just like in the comparison between the laminar and turbulent predictions, the maximum
HF(v=2) concentrations at a given downstream location for the two imesh cases are
nearly identical. So again we see that mixing enhancement has a much greater effect on
the width of the reaction zone than on the peak concentration.

Figures 5.39, 5.40 and 5.41 show the P3 (v=2 to v=0) overtone gain profiles for
the measurement and for the imesh=2 and imesh=3 predictions at 0.5 cm, 2 cm, and 4 cm
downstream of the NEP, respectively. The imesh=3 input parameters were chosen to
attain good agreement between the shape of the predicted and measured gain profiles at
0.5 cm downstream of NEP as shown in Figure 5.39 where the dual reaction zones have
effectively widened the gain region in the vertical direction. For the imesh=2 case, the
H, has to diffuse through the secondary He jet located at 3 mm from the vertical
centerline to reach the F atoms resulting in a narrow gain region and substantially
reduced peak gain. At 2.0 cm downstream of the NEP in Figure 5.40 the imesh=2 peak
gainisonly dightly lower than the imesh=3 peak gain with both predictions significantly
higher than the measured peak gain. The predicted vertical gain profile for the imesh=2
case is fill significantly narrower than the measurements whereas for the imesh=3 case
the predicted width of the gain region agrees with the data somewhat better. The shape
of the predicted gain for the imesh=3 case aso matches the measured profile much better
with a steeper dope on the side of the peak toward the centerline and a more rounded
contour away from the centerline. At 4.0 cm downstream of the NEP in Figure 5.41 the

imesh=2 peak gain is now dightly higher than the imesh=3 peak gain with both
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Figure 5.39 Measured and predicted gain profiles 0.5 cm downstream of the NEP for the
(F2=2, H,=10) flow conditions. Solid black vertical lines indicate the vertical height of
the nozzle at the NEP. Error bars represent 6% bias and 0.002 % crrit precision
uncertainties.
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Figure 5.40 Measured and predicted gain profiles 2.0 cm downstream of the NEP for the
(F2=2, H,=10) flow conditions. Solid black vertical lines indicate the vertical height of

the nozzle at the NEP. Error bars represent 6% bias and 0.002 % cmmi* precision
uncertainties.
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Figure5.41 Measured and predicted gain profiles 4.0 cm downstream of the NEP for the
(F2=2, H,=10) flow conditions. Solid black vertical lines indicate the vertical height of
the nozzle at the NEP. Error bars represent 6% bias and 0.002 % cmi precision
uncertainties.
predictions still significantly higher than the measured peak gain.  The major difference
between the predictions at 4.0 cm downstream of the NEP is in the region more than 5
mm from the centerline. The imesh=2 case predicts zero gain over amost this entire
region while the predicted gain for the imesh=3 case decreases gradually to zero over this
region in good agreement with the slope of the data. Little gain is predicted in this region
for the imesh=2 case because there is little F atom flow between the H, jet and the nozzle
wall as shown in Figure 5.38.

Figures 5.42, 5.43 and 5.44 show the peak gain, centerline gain, and vertical
location of the peak gain for the two imesh modeling cases and the data. The result of
switching from the imesh=2 to imesh=3 injection scheme is an increase in the peak gain

0.5 cm downstream of the NEP without an increase in the maximum peak gain as shown
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Figure5.42 Measured and predicted peak gain for the (F,=2, H,=10) flow conditions.
Error bars represent 6% bias and 0.002 % cni' precision uncertainties.
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Figure5.43 Measured and predicted centerline gain for the (F,=2, H,=10) flow
conditions. Error bars represent 6% bias and 0.002 % cni* precision uncertainties.
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Figure 5.44 Measured and predicted locations of peak gain shown in Figure 5.42 for the
(F2=2, H,=10) flow conditions.
in Figure 5.42. The location of the maximum peak gain is also shifted dightly closer to
the NEP. Changing from the imesh=2 to imesh=3 injection scheme also moves the
maximum centerline gain closer to the NEP and shifts the location of the peak gain closer
to the vertical centerline for 2 cm beyond the NEP. All of these changes improve the
agreement of measured gain and that predicted by the model.

Figures 5.45 and 5.46 show vertically-averaged gain and F atom utilization,
respectively, for the two imesh modeling cases, the premix case and an “ optimized”
injection case. The optimized injection case will be discussed below. The averaging in
Figure 5.45 was performed over the entire vertical height of the laser cavity (i.e., = 1.4
cm from the vertical centerling). Since this averaging includes the base purge region
which the predictions show has little or no excited HF, the predicted average gain is

significantly lower than the predicted peak gain. As expected the imesh=3 case shows an
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increase in F atom utilization and average gain over the imesh=2 case. The increased
mixing provided by the imesh=3 injection scheme moves the location of the maximum
average gain closer to the NEP. At their respective maximum average gain locations as
indicated by the arrows on Figure 5.46, the imesh=2 and imesh=3 cases have F atom
utilizations of 39% and 44%, respectively, resulting in a 28% increase in maximum
average gain from the imesh=2 to imesh=3 case. The higher rate of F atom utilization
appears to occur within 2.0 cm of the NEP. Thisis because the small region of F atom
flow between the H; jet and the upper surface of laser cavity is consumed very quickly.
This leads to the conclusion that further increases in F atom utilization and average gain
are possible by changing the injection scheme to include more F atoms between the H; jet
and the upper surface of the laser cavity. Figure 5.47 shows initial concentration of F
atom, H, and HF(v=2) for an “optimized” injection scheme that places the H, jet at the
center of the nozzle half plane with equal F atom flows on either side of the jet. The
resulting F atom utilization and averaged gain for this optimized injection scheme are
included in Figures 5.45 and 5.46. The maximum average gain increases 28% over the
imesh=3 case to 0.089% cmi* while the F atom utilization, also at the respective
maximum average gain location, increases from 44% to 65%. Increasing the injection
angle of the H, jet with respect to the nozzle wall might attain an injection scheme such
asthis. Thiswould have adual effect of increasing the amount of axial vorticity while

directing the jet closer to the vertical centerline.
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Figure5.45 Predicted gain averaged over the entire vertical height of the laser cavity at
each streamwise location for the (F,=2, H,=10) flow conditions.
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Figure5.46 Predicted F atom utilization for the (F,=2, H,=10) flow conditions. Arrows
are at the locations of maximum vertically-averaged gain in Figure 5.45.
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Figure5.47 Predicted optimized injection scheme concentration profiles 0.025 cm
downstream of NEP for (F,=2, H,=10) flow conditions.

54.4 Mixing Mode Sensitivity to Kinetics

The peak gain for the imesh=3 predictions follow the trends of the data fairly well

as shown in Figure 5.43. However, the maximum predicted gain is 58% larger than the

measured value. 2-D turbulence and large scale vortex structure modeling were shown in

Sections 5.4.2 and 5.4.3 to be effective at spreading the gain in the vertical direction

resulting in increases in average gain but to have relatively small effects on the maximum

peak gain. Changing the mixing parameters within the model will not significantly lower

the predicted peak gain without drastically changing the vertical gain profiles so that they

no longer match the data. The insensitivity of the peak gain to the flow field

hydrodynamics indicates that it must instead be dominated by chemical kinetics. To
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resolve the discrepancies between measured and predicted peak gain the uncertainties in
the rates of reaction must be addressed.

The results of Section 5.4.1 indicate that the kinetics of the HF laser system,
under the conditions investigated here, are dominated by the cold pumping reaction and
V-V energy transfer between vibrationally-excited HF molecules. The rate of reaction
for these second-order reactions was defined in Section 2.2 as:

_d[Al __d[B] _d[C] _d[D]
dt dt dt dt

R= = Al[e]

Under ideal gas assumptions, the species concentrations can be defined in terms

of flow properties to give the rate of reaction as:

R=K[A][B] = kmmg;’;;

(5.2)

where &, , & and &, are the molar flow rates of species A and B and the total molar

flow rate, respectively. P and T are the local static pressure and temperature and Ay is
Avogadro’s number. The rate of reaction is therefore susceptible to errors in pressure,
temperature, molar flow rate and reaction rate constant. The following sections
investigate the effects of changing these four input parameters in the model in an effort to
isolate the main contributors to the disagreement between predictions and data. 1n some
instances the parameters are intentionally varied beyond the recommended error bands in
order to exaggerate the influence on the model predictions. Unless otherwise noted, the
following predictions were made for the (F,=2, H,=10) flow conditions, the turbulence
model active with 1% initial turbulence intensity for all flow streams and the same

imesh=3 injection scheme used in Section 5.4.3.
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a. Pressureand Temperature  Because of the dependence of the rate of
reaction on the square of pressure and inverse of the square of temperature in Equation
(5.2), small changes in pressure and temperature can have large effects on the rate of
reaction. Transducers at pressure taps in the laser cavity wall directly measure the
pressure with an error of <1%. However, if the nozzle is not perfectly expanded, oblique
shocks and expansion fans will form and create regions in the flow that are not at the
ambient wall pressure. Lowering the pressure for a given molar flow decreases the
reactant concentrations thereby lowering the rate of reaction. This spreads the gain over
alarger areain the downstream direction and lowers the maximum peak gain.

Decreasing the pressure also increases the flow velocity, which further spreads the gain in
the downstream direction. Figures 5.48 and 5.49 show the centerline gain and peak gain,
respectively, for cavity pressures of 2.5 torr, 2.0 torr and 1.5 torr. The nominal cavity
pressure measured 2.0 cm downstream of the NEP for these flow conditions was 2.5 torr.
A substantial error (~ 40%) in cavity pressure could lower the predicted peak and
centerline gains down to the level of the measurements but not without drastically
changing the streamwise gain distribution. Therefore, an error in cavity pressure is not
likely to be the magjor cause of the discrepancy between the predicted and measured gain.

Raising the temperature will affect the species concentrations and flow velocity in
the same manner as lowering the pressure with similar results on the maximum peak
gain. The temperature dependence of the reaction rate constants adds an additional
effect. The e V" temperature dependence means that the cold pumping reaction rate
constant will increase as the temperature increases. The rate constant for the V-V energy

transfer between HF molecules varies as T* and therefore decreases with increasing
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Figure 5.48 Measured and predicted peak gain at different cavity pressures for the
(F.=2, H,=10) flow conditions. Error bars represent 6% bias and 0.002 % crri* precision

uncertainties.
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Figure 5.49 Measured and predicted centerline gain at different cavity pressures for the
(F2=2, H,=10) flow conditions. Error bars represent 6% bias and 0.002 % cm* precision

uncertainties.
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temperature. Therefore by increasing the flow temperature the cold pumping reaction
rate increases and the V-V energy transfer rate ows, thus improving the performance of
the laser system. The temperature is determined from the lineshape of the probe gain
measurement with an estimated uncertainty of +50 K. The only adjustable temperature
input parameter in the code is the total temperature at the injection point inside the
nozzle. Figures5.50 and 5.51 show the effect on the predicted peak and centerline gain,
respectively, of raising and lowering this temperature by £20%. Changing the
temperature input to the code has a larger effect on the flow velocity than on the cavity
temperature. Lowering the temperature input increases the velocity spreading the gain in

the downstream direction and lowers the maximum peak gain.
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Figure 5.50 Measured and predicted peak gain at different cavity temperatures for the
(F.=2, H,=10) flow conditions. Error bars represent 6% bias and 0.002 % cmi* precision
uncertainties.
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Figure5.51 Measured and predicted centerline gain at different cavity temperatures for

the (Fo=2, H,=10) flow conditions. Error bars represent 6% bias and 0.002 % cm*
precision uncertainties.

Raising the temperature input decreases the velocity, compresses the gain in the
downstream direction, and raises the maximum peak gain. Since the temperature input to
the code would have to be reduced several hundred degrees below the measured
temperature to bring the magnitude of predicted and measured gain into agreement, it is

not likely thisis a significant contributor to the gain discrepancy.

b. Cold Pumping Rate Constant The cold pumping reaction is one of the
most studied chemical reactions both theoretically and experimentally. Asaresult the

error bands on the rate constant are relatively small, varying between £15% to £30% over
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the temperature range from 200K to 700K. Figures 5.52 and 5.53 show the effect of a
reduced cold pumping reaction rate constant on the peak gain and centerline gain,
respectively, for the (F.=2, H»,=10) flow conditions. Decreasing the cold pumping
reaction rate lowers the maximum peak gain and the peak gain near the NEP. Thisaso
pushes the locations of the maximum peak gain and the onset of gain at the vertical
centerline further downstream. Lowering the maximum peak gain is the only of these
trends that improves agreement with the data. This agreement, however, comes by
stretching the gain in the downstream, which degrades the agreement between the shape
of the predicted and measured peak and centerline gain curves. Increasing the rate
constant will obviously increase the maximum peak gain making the disagreement

between the predictions and measurement larger.
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Figure 5.52 Measured and predicted peak gain at different cold pumping reaction rate
constants for the (F.=2, H»=10) flow conditions. Error bars represent 6% bias and 0.002
% crmi* precision uncertainties.
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Figure 5.53 Measured and predicted centerline gain at different cold pumping reaction
rate constants for the (F,=2, H,=10) flow conditions. Error bars represent 6% bias and
0.002 % cmi* precision uncertainties.

c. Molar Flow Rates The predicted gain will be most sensitive to errorsin
F atom flow rate. The F atom flow rate was measured by a titration experiment
(described in Section 5.1) with an uncertainty of +20%. Figures 5.54 and 5.55 show the
effect of lowering the F atom flow rate on the peak and centerline gain, respectively.
Reducing the F atom flow rate has the same effect as lowering the cold pumping rate
constant. The rate of reaction decreases lowering the maximum peak gain by spreading
the gain in the downstream direction. Clearly thisis not the trend to bring the model into

better agreement with the data.
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Figure 5.54 Measured and predicted peak gain at different F atom flow rates for the
(F,=2, H,=10) flow conditions. Error bars represent 6% bias and 0.002 % crmi* precision
uncertainties.
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Figure 5.55 Measured and predicted centerline gain at different F atom flow rates for the

(F2=2, H,=10) flow conditions. Error bars represent 6% bias and 0.002 % cm* precision
uncertainties.
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d. V-V Energy Transfer The only rate constant measured for V-V energy

transfer between vibrationally excited HF molecules is for:
HF(v =1) + HF (v =1) %4® HF(v = 2) + HF(v=0)

The rate constants between other vibrational states are then established through
theoretical interpolation. The resulting rate constants are reported in the literature
without corresponding error bands indicating a high level of uncertainty. Figures 5.56
and 5.56 show the effects of increasing these V-V energy transfer rate constants on the
peak and centerline gain, respectively. The rate constants for al V-V reactions were
changed by the same factor. Increasing these rates lowers the maximum peak gain and

moves the location of the peak gain closer to the NEP in better agreement with the data.

0.30 - —¢—Daa
—— V-V x1 (nomind)
—V-V x2
0.25 - V-V x3.0
—— V-V x325
= 0.20 -
o
S
< 0.15
B
(@)
€ 010
%)
™
& 0.05
0.00 .
0 10
-0.05 - distance from NEP (cm)

Figure 5.56 Measured and predicted peak gain for different HF V-V rate constants for
the (Fo=2, H,=10) flow conditions. Error bars represent 6% bias and 0.002 % crmi*

precision uncertainties.
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Figure 5.57 Measured and predicted centerline gain for different HF V-V rate constants
for the (F2=2, H,=10) flow conditions. Error bars represent 6% bias and 0.002 % cni*
precision uncertainties.

The location of the onset of gain at the vertical centerline remains unchanged while the
peak centerline gain is reduced and moved closer to the NEP. All of these trends arein
the direction to improve agreement between the predictions and the measured gain.
Figures 5.58, 5.59, 5.60 and 5.61 show vertical gain profiles for the (F,=2, H,=10)
flow conditions at 0.5, 2.0, 4.0 and 6.0 cm downstream of the NEP, respectively. The
predictions were made with the HF V-V energy transfer rates multiplied by a factor of
3.25, which gives excellent agreement at the peak and centerline locations. At the 0.5 cm
and 2.0 cm downstream locations the increased V-V deactivation has brought the peak
gain into very good agreement with the data. The centerline region, within £3 mm of the

vertical centerling, is aso in excellent agreement with the data for the 4 cm and 6 cm
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downstream locations. However, these two predicted vertical profiles diverge from the
data in the region closer to the wall. Starting at about 5 mm from the vertical centerline
and moving toward the wall, the predicted gain increases while the measured gain
decreases. This discrepancy is likely due to a coding deficiency that restricts the code
from running with the proper boundary condition at the wall. Instead of the appropriate
no-dlip condition, a symmetry condition must be set in order to avoid numerical
instabilities that cause the code to crash. This allows a higher velocity in the region near
the wall alowing the HF(v) to travel further downstream before deactivation occurs. The
absence of awall in the computer model aso eliminates the possibility of wall

deactivation.
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Figure 5.58 Measured and predicted vertical gain profiles 0.5 cm downstream of NEP
for the (F,=2, H,=10) flow conditions. Solid black vertical lines indicate the vertical
height of the nozzle at the NEP. Error bars represent 6% bias and 0.002 % cni' precision
uncertainties.
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Figure 5.59 Measured and predicted vertical gain profiles 2.0 cm downstream of NEP
for the (F,=2, H,=10) flow conditions. Solid black vertical lines indicate the vertical
height of the nozzle at the NEP. Error bars represent 6% bias and 0.002 % cni' precision

uncertainties.
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Figure 5.60 Measured and predicted vertical gain profiles 4.0 cm downstream of NEP
for the (F2=2, H,=10) flow conditions. Solid black vertical lines indicate the vertical
height of the nozzle at the NEP. Error bars represent 6% bias and 0.002 % cni? precision

uncertainties.
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Figure5.61 Measured and predicted vertical gain profiles 6.0 cm downstream of NEP
for the (F.=2, H,=10) flow conditions. Solid black vertical lines indicate the vertical
height of the nozzle at the NEP. Error bars represent 6% bias and 0.002 % cni precision
uncertainties.

Figures 5.62, 5.63, 5.64 and 5.65 show vertical temperature profiles for the (F,=2,
H,=10) flow conditions at 0.5, 2.0, 4.0 and 6.0 cm downstream of the NEP, respectively.
The predictions in these figures were made with identical input parameters as the gain
profiles shown in Figures 5.58 - 5.61. The model predicts the magnitude and shape of the
temperature profiles very well at the 2.0, 4.0 and 6.0 cm downstream locations. At the
0.5 cm downstream location the model predicts the shape of the temperature very well
but under predicts the magnitude of the temperature by about 50 K. The V-V energy
transfer rate adjustment has only a minor effect on the predicted magnitude and shape of

the temperature profiles.
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Figure 5.62 Measured and predicted vertical temperature profiles 0.5 cm downstream of
NEP for the (F,=2, H,=10) flow conditions. Solid black vertica lines indicate the
vertical height of the nozzle at the NEP.

2.0cm downstrear% of NEP

<
g
=]
<
8]
Q.
5 _
8 150

100 A & Data

—V-V x3.25
50 A —V-Vx1
0 T T T T T T T T T T T T T
-14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14

Distance from Vertical Centerline (mm)

Figure 5.63 Measured and predicted vertical temperature profiles 2.0 cm downstream of
NEP for the (F,=2, H,=10) flow conditions. Solid black vertical lines indicate the
vertical height of the nozzle at the NEP.
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Figure 5.65 Measured and predicted vertical temperature profiles 6.0 cm downstream of
NEP for the (F,=2, H,=10) flow conditions. Solid black vertical lines indicate the

vertical height of the nozzle at the NEP.
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Figure 5.66 shows measured and predicted streamwise temperatures at their
respective peak gain locations shown in Figure 5.67. As the flow moves downstream, the
location of the peak gain moves toward the centerline for these flow conditions so the
streamwise profiles shown in Figure 5.66 are not at a fixed vertical location. The model
does however predict the location of the peak gain very well as shown in Figure 5.67.
The measured and predicted temperatures in Figure 5.66 are therefore at the nearly the
same vertical location at each downstream location. The model predicts the general
streamwise trend of the temperature data, which increases by about 75 K from 0.5 t0 9.0
cm downstream of the NEP, but it does not predict the large £50 K streamwise
temperature oscillations. The overall temperature increase is presumably caused by heat

release from the cold pumping reaction and heat transfer between the H, and primary
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Figure 5.66 Measured and predicted temperatures at peak gain locations for (F=2,

H,=10) flow conditions. Error bars represent the precision uncertainty of temperature
measurement, which increases as gain decreases.
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Figure5.67 Measured and predicted vertical locations of peak gain of Figure 5.56 for
the (F.=2, H,=10) flow conditions.

flow streams. The cause of the temperature oscillations will be addressed in a subsequent
section.

Figures 5.68 through 5.73 show the centerline gain and peak gain for the other
three flow conditions listed in Table 5.2. These figures show very good agreement
between predictions and measurements. The predictions were made with the same HF V-
V energy transfer rate constant adjustment (V-V x3.25) used to attained good agreement
between predictions and data for the (F.=2, H,=10) flow conditions and the same
imesh=3 input parameters. The pressure measured at the first downstream wall pressure
port for each flow condition was used as the cavity pressure input parameter. The total
pressure and temperature at the injection point inside the nozzle were determined by
running the code in the INOZ=1 mode for each flow condition. Description of the

INOZ=1 computer option will be given in the following section.
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Figure 5.68 Measured and predicted peak gain with V-V rate constant adjustment for

the (Fo=1, H,= 5) flow conditions. Error bars represent 6% bias and 0.002 % cm*
precision uncertainties.
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Figure5.69 Measured and predicted centerline gain with V-V rate constant adjustment

for the (F»=1, Ho= 5) flow conditions. Error bars represent 6% bias and 0.002 % crri*
precision uncertainties.
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Figure5.70 Measured and predicted peak gain with V-V rate constant adjustment for the
(F.=2, Ho= 27) flow conditions. Error bars represent 6% bias and 0.002 % cmi? precision
uncertainties.
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Figure5.71 Measured and predicted centerline gain with V-V rate constant adjustment
for the (F2=2, Ho= 27) flow conditions. Error bars represent 6% bias and 0.002 % cmi*
precision uncertainties.
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Figure 5.72 Measured and predicted peak gain with V-V rate constant adjustment
for the (F,=3, H,=10) flow conditions. Error bars represent 6% bias and 0.002 % cmi*
precision uncertainties.
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Figure5.73 Measured and predicted centerline gain with V-V rate constant adjustment

for the (F,=3, H,=10) flow conditions. Error bars represent 6% bias and 0.002 % cmi
precision uncertainties.
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Figures 5.74 through 5.77 show the vertically-average vertica gain for the
predictions and the measurements for the four flow conditions. The gain has been
averaged over the vertical profile £5 mm from the vertical centerline because that is the
region with reliable data. These figures al'so show good agreement between predictions
and measurements indicating that not only do the peak and centerline gains match the
data but also the vertical width of the gain profiles. Table 5.6 compares the key
parameters of the average gain distributions for the data and predictions. Interestingly
enough, these three flow cases have nearly the same predicted F atom utilization at their
respective maximum average gain locations. These three flow conditions should have
very similar mixing characteristics but have different kinetics due to dightly different
cavity pressures and reactant species concentrations. This suggests that F atom
utilization is more a function of mixing and less of a function of kinetics. Improving the

mixing behavior could therefore have a big impact on laser performance.

Table 5.6 Comparison of measured and predicted maximum average gain.

Flow Maximum Location of Maximum | F atom Utilization
Condition Average Gain Average Gain a Maximum Gain
(mmol s} (% cm't) (cm from NEP) L ocation

Data | Prediction Data Prediction Prediction
(F>=1,H,=5) | 0.061 0.056 3.7 2.4 0.21
(F»=2,H,=10) | 0.088 0.092 2.1 19 0.30
(F.=2,H,=27) | 0.088 0.097 1.4 11 0.32
(F>=3,H,=10) | 0.083 0.107 1.0 14 0.31
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Figure5.74 Measured and predicted average gain with and without V-V rate constant
adjustment for the (F.=1, H,= 5) flow conditions. The gain is averaged over aregion +5

mm from the vertical centerline.
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Figure5.75 Measured and predicted average gain with and without V-V rate constant
adjustment for the (F,=2, H,=10) flow conditions. The gain is averaged over aregion =5

mm from the vertical centerline.
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Figure5.76 Measured and predicted average gain with without V-V rate constant
adjustment for the (F.=2, H,= 27) flow conditions. The gain is averaged over aregion £5
mm from the vertical centerline.
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Figure5.77 Measured and predicted average gain with and without V-V rate constant
adjustment for the (F,=3, H,= 10) flow conditions. The gain is averaged over aregion £5
mm from the vertical centerline.
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In the preceding text the magnitude of the “adjustments’ to the code input
parameters have been de-emphasized in favor of focusing on the resulting trends caused
by the “adjustments’. Thisis because the code is not intended to be used as a multi-
parameter fitting routine in an attempt to deduce the actual physical parameters of the
experiment. The code is instead used to investigate trends in the predicted gain
distribution. The resulting analysis shows that an increase in the HF V-V energy transfer
rate constants is the only input parameter that lowers the predicted gain to the level of the
data while maintaining the trends in the streamwise distribution of the measured gain.
This, along with the fact that a single “adjustment” is al that is necessary to attain good
agreement between the predictions and the data for severa different flow conditions, is
an indication that the HF V-V energy transfer rate constants may actually be significantly
larger than reported in the literature. However, due to the complexity of the
hydrodynamic and chemical kinetic interactions in the experiment and relative crudeness
of the 2-D code, ng the magnitude of this increase is not possible.

In terms of the peak gain, the computer model is only as good as the rate
congtants for the primary chemical reactions. This would mean that even true 3-
dimensional modeling of the flow field would not bring the magnitude of the predicted
gain into agreement with the data. 3-D modeling will resolve more of the fine structure
of the flow field with better modeling of the mixing mechanisms inside the laser cavity
that will result in better predictions of vertical gain distribution. 3-D modeling will also
better resolve the pressure, temperature and velocity fields which have been shown to
affect the streamwise gain distribution and could have significant impact on predicting

the maximum peak gain of the system. However, from the analysisin this and the
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previous sections, it is not likely that this increase in modeling sophistication would be
enough to bring the magnitude of the predicted gain into agreement with the
measurements. In order to make better predictions of gain magnitude, an independent

measurement of the HF V-V energy transfer rate constants is needed.

545 Modd Veocity and Mach Number Predictions

The distribution of gain in the streamwise direction depends strongly on the
streamwise velocity. Therefore in order to properly predict the gain distributions the
computer model must first be able to predict the velocity. To predict the velocity at the
nozzle exit plane (NEP), the computer model needs inputs of total pressure and
temperature. The large area ratio between the plenum and the nozzle throat means the
Mach number in the plenum is low and the static pressure measured at the wall pressure
taps is a good representation of the total pressure. However, the thermal response of the
thermocouple in the plenum is too slow to accurately measure the plenum total
temperature that changes rapidly during a laser hot fire. The total temperature in the

plenum can instead be calculated from the sonic orifice equation (Perry and Green 1997):

&= PAC,G /M_g‘ﬁ (5.3)

where& is the total molar flow through the nozzle, P and T are the total pressure and

temperature upstream of the nozzle, A is the nozzle throat area, Cy is the discharge

coefficient, g istheratio of specific heats, My is the average molecular weight of the

flow, K isthe universa gas constant and G is defined by:
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Equation (5.3) is valid when the upstream Mach number = 0.2 and sonic conditions exist
at the nozzle throat. The low upstream Mach number means that the static and total flow
properties are nearly the same. The discharge coefficient is first determined during cold
flow conditions. Then by knowing the pressure and molar flow rate during the hot fire,
the temperature in the plenum can be determined from the sonic orifice equation.

As the flow expands through the nozzle, heat transfer to the walls and boundary
layer growth will reduce the total pressure and temperature. These non-isentropic losses
can be estimated by running the 2-D code in the INOZ=1 mode. In this mode the
computations start at the nozzle throat and run up to the location of the secondary He
injectors. Table 5.7 lists the plenum total properties as well as the predicted total
properties at the secondary He injector location. The losses are most significant for the
(F>=3, H,=10) flow case, which has a plenum total temperature more than 100 K higher
than the other flow cases. The higher temperature is caused by the lower diluent flows in
the plenum required to achieve the same plenum pressure as the other flow cases and
maintain discharge tube performance. The total properties at the secondary He injection
point are then used as input parameters when running the code in the normal mode
starting at the NEP. In the normal mode the code calculates the velocity and Mach
number at the NEP from the total properties, the momentum of the injection jets and the
cavity pressure.

Figures 5.78 and 5.79 show the vertical velocity and Mach number profiles,

respectively, from the Doppler measurements and the model predictions at 4 cm
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Figure5.78 Vertical velocity profile 4 cm downstream of the NEP for the (F,=2, H,=10)
flow conditions. Measurements were made with the Doppler technique described in
Section 3.5.2 and the model predictions were made with the same input parameters used
to attain excellent agreement between the vertical gain profiles.
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Figure5.79 Vertica Mach number profile 4 cm downstream of the NEP for the
(F2=2, H,=10) flow conditions. M easurements were made with the Doppler technique
described Section 3.5.2 and the model predictions were made with the same input
parameters used to attain excellent agreement between the vertical gain profiles.
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downstream of the NEP for the (F>=2, H,=10) flow conditions. The Pitot-static tube
Mach number measurements are also included in Figure 5.79. The predictions are in
excellent agreement with the magnitude and shape of the measurements. The model
input parameters used in this comparison are the same as those used in Section 5.4.4 that
attained agreement between the measured and predicted gain profiles. Figures 5.80 and
5.81 show the streamwise variation of the measured and predicted velocity and Mach
number, respectively, at the vertical centerline for the (F.=2, H,=10) flow conditions.
The predicted velocity is in excellent agreement with the measurement. The centerline
velocity decreases dightly in the streamwise direction. The model overpredictsthe
centerline Mach number at most locations by about 10%. With the excellent agreement

in the velocity, the Mach number disagreement is probably due to the disagreement
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Figure5.80 Streamwise velocity at the vertical centerline for the (F,=2, H,=10) flow
conditions.
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Figure5.81 Streamwise Mach number at the vertical centerline for the (F.=2, H,=10)
flow conditions.
between the measured and predicted temperature at the vertical centerline that would
affect the calculation of the speed of sound.

Table 5.7 lists the predicted centerline velocity and Mach number at the NEP for
the four flow conditions. The (F>=3, H,=10) flow case has a significantly lower velocity
and Mach number than the other three flow conditions. Thisis due to the greater total
pressure loss in the nozzle and dightly higher cavity pressure. The lower velocity for this
flow case will move the location of the maximum peak gain and the onset of gain at the
vertical centerline closer to the NEP. The lower velocity will also shift the location
where the V-V energy transfer reactions start to dominate over the cold pumping reaction
closer to the NEP. All these trends are consistent with the comparisons between the
(F2>=2, H»=10) and (F>=3, H>=10) peak, centerline and average gain plotsin Figures 5.17,

5.18 and 5.20.
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Table5.7 Flow parameters for various flow cases. Total pressure is measured in the
plenum. Total temperature is calculated from the sonic orifice equation. All other listed
parameters are predicted from computer model.

F=1 F=2 F=2 F>=3
Ho=5 H»=10 H.=27 H»=10
Totdl pressure in 25.2 276 276 27.0
Plenum (torr)
Totd Pressureat He | ) 5 20.9 20.9 186
Injector (torr)
Total Temperature in
Plenum (K) 393 433 433 549
Towd Temperaturea | 5o0 423 423 526
He Injection (K)
Mach Number at He |, /o 253 253 254
Injection
Centerline Vel ocity at
NEP (m s'l) 1686 1742 1772 1305
Centerline Mach
Number & NEP 2.2 2.1 2.0 1.85

54.6 Cavity Shock and Expansion Fans

If flow through the nozzle is not perfectly expanded, the pressure at the NEP will
not match the cavity pressure. Since a pressure difference cannot be sustained across the
free boundary between the primary nozzle flow and the base purge flow a series of
oblique shocks or expansion fans will form. If the pressure just inside the nozzle is less
than the ambient cavity pressure, the nozzle is considered over-expanded and oblique
shock waves form to raise the pressure to match the cavity pressure. If the pressure
inside the nozzle is higher than the cavity pressure, the nozzle is under-expanded and
expansion fans form to lower the pressure to match the cavity pressure. Examples of
over-expanded and under-expanded nozzles are shown in Figures 5.82 and 5.83,
respectively. The oblique shock A in the over-expanded nozzle deflects the flow toward

the centerline and raises the pressure to ambient, P,=Pan,. Since the flow cannot cross
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the centerline due to symmetry constraints, another oblique shock (or reflected shock) B
forms to turn the flow back parallel to the centerline symmetry axis. Pressure also
increases across the second oblique shock creating a region of pressure higher than the
ambient cavity pressure, Ps>Panp. The flow must then expand across an expansion fan C
to equalize the pressure to P4=P.mp. The expansion fan deflects the flow away from the
centerline. Another expansion fan D then forms to turn the flow back parallel to the axis.
This expansion fan however, creates a region whose pressure is lower than the ambient
pressure, Ps<Pmp. If this pressure islow enough, another oblique shock E will form to
equalize the pressure and the whole cycle starts all over again. Over-expanded flow in a
nozzle is the same except the first set of oblique shocks is eliminated and the flow is first
turned away from the axis by a set of expansion fans that lower the pressure to match

ambient pressure.

Nozzle Exit Free Jet Boundary

Figure 5.82 Example of over-expanded oblique shock and expansion fan pattern.
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Figure 5.83 Example of under-expanded oblique shock and expansion fan pattern.

The computer model cannot predict oblique shocks or expansion fans because of
the thin shear layer approximation used in the code to simplify the cross-stream
momentum equation. Instead it expands or contracts the primary nozzle flow to fill the
region between the base purge flow and the centerline so that the pressure matches the
input ambient cavity pressure. This pressure equalization computation occurs
immediately downstream of the NEP. |f the shocks or expansion fans that actually occur
are wesak, the errorsin this method will be small. An estimate of the oblique shock
strength and deflection angle was made using the calculated pressure and Mach number
at the secondary He injection point and the measured ambient cavity pressure. This
analysis ignores completely the injected flow streams, which are likely to have a very
large effect on the shock/expansion formation, and the large heat addition to the flow
from the chemical reaction. Nevertheless a qualitative assessment of the shock/expansion

structure can be made.
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The results of the over-expanded flow analysis, illustrated in Figure 5.84, show
that all four flow conditions are over-expanded with similar shock structures. The (F>=2,
H,=10) and (F>=2, H,= 27) have the same primary flow rates and cavity pressure so their
shock and deflection angles calculated from this analysis are the same. Table 5.8 lists the
shock and deflection angles of the initial oblique shock measured relative to the
horizontal. Flow deflection caused by the oblique shocks will drive the reactants toward
the centerline. The higher deflection angle of the (F,=3, H,=10) flow case may explain
the narrower gain profile a the 2 cm downstream location (Figure 5.14) for this flow rate.
The deflection angle will aso work to drive the location of the peak gain toward the
centerline, which is shown in Figure 5.19. For the (F>=2, H,=10) and (F>=2, Ho= 27)
flow cases, which should have similar shock angles from this analysis, the peak gain
locations are about the same through about 2.5 cm downstream of the NEP. From 0.5 cm
to 2.0 cm downstream of the NEP, the location of the peak gain for the (F.=3, H»,=10)
flow case moves from 3.5 mm to 1.5 mm from the vertical centerline while the (F>=2,
H,=10) and (F>=2, Ho= 27) flow cases remain between 2.5 and 3.0 mm from the vertical
centerline. The location of the peak gain for the (F2=1, Hp= 5) flow case moves away
from the centerline through the first 2 cm downstream of the NEP. The width of the gain
profile for the (F>=1, Ho= 5) flow case also appears to be dightly greater than for the
other flow cases at 2 cm downstream of the NEP. This could be an indication that this
flow case is actually under-expanded with an initial deflection angle away from the

centerline. This analysis shows that relatively small differences in ambient cavity
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Figure 5.84 Oblique shock and expansion fan pattern for each of the four flow
conditions based on computer model prediction of total properties at the secondary He
nozzle injection point and the measured cavity pressure. The (F,=2, H,=10) and (F>=2,
H,= 27) have very similar flow conditions and are therefore represented by the same
curve.

Table 5.8 Parameters predicted by oblique shock/expansion fan system shown in Figure
5.84.

F=1, Fo=2 Fo=2 F>=3
Ho,=5 H2:10 H2=10 H2=10
Initial Shock Angle 27 28 28 32
___(deg
Initial Deflection Angle 3 5 5 9
(deg)
Static Temperature Rise
Across Initial Shock 14 28 28 ol
(K)
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pressure and total pressure loss in the nozzle can have significant effects on the cavity
shock structure and may explain some of the vertical gain profile trends.

Static temperature increases across oblique shocks and decreases across
expansion fans. Table 5.8 also lists the static temperature increase across the initial
oblique shock calculated from this analysis for the four flow conditions. Since the
deflection angles are relatively shallow, the reflected shocks have about the same angle as
theinitial shock and therefore also have about the same temperaturerise. The
temperature drop across the expansion fans is likewise about the same as the temperature
rise across the initial oblique shock. Therefore, in the streamwise direction the flow will
experience abrupt temperature increases while passing through the initial and reflected
oblique shocks followed by two abrupt temperature decreases while passing through the
expansion fans.

It is difficult to say whether or not the measured temperature oscillations at the
peak gain location shown in Figure 5.25 are caused by such a shock/expansion pattern.
The magnitude of the temperature oscillations (peak to valley) for the (F,=2, H,=10),
(F2=2, Hy=27) and (F>=3, H,=10) flow conditions is between 50 and 100 K whichisin
good agreement with the magnitude of the predicted temperature changes. The
temperature oscillations for the (F,=1, H,=5) flow conditions are much less pronounced
indicating weaker shock/expansion structures, which is also in good agreement with the
predictions. The location of the initial temperature increase for the (F,=2, H,=10), (F,=2,
H,= 27) and (F>=3, H»=10) flow conditionsis about 1 to 1.5 cm downstream of the NEP,
which corresponds fairly well to the location of the second oblique shock. The

temperature increase for these three flow conditions is followed very quickly by a
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decrease in measured temperature. At these downstream locations the peak gain occurs
about 2 mm from the vertical centerline, which is where the temperature measurement is
being made (Figure 5.19). Thisis very close to the location where the second oblique
shock reflects off the free boundary between the base purge and nozzle flow. Thus the
temperature decrease associated with the first expansion fan should occur just
downstream of the temperature increase caused by the second oblique shock (Figure
5.84). By the time the flow reaches 3 cm downstream of the NEP, the peak gain occurs
about 1.5 mm from the vertical centerline for the (F,=2, H,=10), (F>=2, H,= 27) and
(F2=3, H,=10) flow conditions and should have crossed the second expansion fan where
the temperature would drop again. Up until about 3 cm downstream of the NEP, the
shock/expansion fan pattern predicted by this analysis appears to explain the streamwise
temperature oscillations at the vertical peak location rather well. However, this
shock/expansion fan pattern does not appear to explain the sudden temperature increase
that occurs 3.5-4 cm downstream of the NEP for these three flow conditions (Figure
5.25). Thistemperature rise would not be expected until after the second expansion fan
reflects from the free boundary, coalesces into an oblique shock and crosses the vertical
centerline, which would not occur until 5 to 6 cm downstream of the NEP.

This analysis has shown that small changes in cavity pressure can influence the
shock/expansion fan pattern in the laser cavity and may have significant effects on the
cavity gain distribution. This suggests that resolving the shock/expansion fan pattern
through 3-D modeling of the flow field could significantly improve predictions. Locating
the oblique shocks and expansion fans through experimental investigation could also be

very enlightening.
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5.5 Fundamental Power and Spectra

The fundamental output power and spectra were measured with the optical axis at
severd different streamwise positions with outcoupler reflectivities ranging from 40% to
95%. In all casesthe Max R reflectivity was 99.95% and the optical aperture was limited
to 2.54 cmin the vertical direction by a copper insert and 4.5 cm in the streamwise
direction by the mirror retaining rings. Figure 5.85 shows the measured fundamental
output power as a function of downstream location for the (F,=1, H»=5), (F»=2, H,=10)
and (F»=3, H,=15) flow conditions. All of these power measurements were made with a
maximum available outcoupler (OC) reflectivity of 95%. The maximum output power
was 32 W, 63 W and 68 W, respectively, for the (F2=1, H,=5), (F.=2, H,=10) and (F>=3,
H,=15) flow conditions. The maximum power for the (F,=2, H,=10) and (F>=3, H,=10)
flow conditions occured 2.7 cm downstream of the NEP and the power decreased as the
optical axis was moved further downstream. The steeper decrease in fundamental power
in the streamwise direction for the (F»,=3, H,=10) flow conditions than for the (F>=2,
H,=10) flow conditions is consistent with the steeper streamwise decrease of the average
overtone small signal gain shown in Figure 5.20. The dight increase in maximum power
for the (F,=3, H»,=10) case over the (F»=2, H,=10) flow case may be caused by its
narrower vertical gain profile (Figures 5.14 and 5.15). The 2.54 cm vertical resonator
aperture includes a significant portion of the base purge region, which may contain more
absorbing molecules for the wider (F,=2, H,=10) gain profile. The maximum power for
the (F>=1, H,=5) flow conditions occurs with the optical axis 2.0 cm further downstream
of the NEP than the other two flow conditions. The streamwise power profile is also

much flatter than for the other flow conditions remaining within 20% of the maximum
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Figure5.85 Fundamental power as a function of downstream location for the (F>=1,
H,=5), (F2=2, H»=10) and (F>=3, H»=10) flow conditions. All data were taken with a
resonator consisting of aMax R (99.95% reflectivity) and 95% reflectivity outcoupler.
power for all measured optical axis locations except at the 2.2 cm downstream location.
Both of these trends are consistent with the overtone small signal gain trendsin
comparisons between the different flow conditions.

Figures 5.86, 5.87 and 5.88 show the multi-line lasing spectra of the outcoupled
fundamental beam with the optical axis positioned 2.7 cm, 4.7 cm and 8.7 cm
downstream of the NEP for the (F,=1, H»=5), (F»=2, H>=10) and (F»=3, H,=10) flow
conditions, respectively. These spectrawere all collected with the maximum available
OC reflectivity of 95% and correspond to the power measurements shown in Figure 5.85.
The intensity of the transitions within a particular spectra are scaled relative to the
intensity of the largest peak within that spectra. Since, the output power changes with
flow conditions and downstream location the relative intensities of the transition peaks

from panel to panel in
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Figure5.86 Fundamental multi-lasing spectra for the (F2=1, H»=5) flow conditions at
optical axis positions of 2.7, 4.7 and 8.7 cm downstream of the NEP. All spectrawere

taken with Max R and 95% outcoupler reflectivity resonator. The intensity of each lasing
lineis scaled relative to the most intense line at each downstream |ocation.
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Figure 5.87 Fundamental multi-lasing spectra for the (F>=2, H,=10) flow conditions at
optical axis positions of 2.7, 4.7 and 8.7 cm downstream of the NEP. All spectrawere
taken with Max R and 95% outcoupler reflectivity resonator. The intensity of each lasing
line is scaled relative to the most intense line at each downstream location.
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Figure 5.88 Fundamental multi-lasing spectra for the (F,=3, H,=10) flow conditions at
optical axis positions of 2.7, 4.7 and 8.7 cm downstream of the NEP. All spectrawere
taken with Max R and 95% outcoupler reflectivity resonator. The intensity of each lasing
line is scaled relative to the most intense line at each downstream location.
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these figures cannot be compared. All of these spectra show multiple lasing lines with as
many as Six separate ro-vibrational lines lasing within a single vibrational band ((F>=3,
H,=10) flow conditions 2.7 cm downstream of the NEP).

At the 2.7 cm location on Figure 5.86, the spectra for the (F,=1, H,=5) flow
conditions shows lasing lines of P3, P4 and P5 within the v=1-0 vibrational band
transition, P3, P4 and P5 within the v=2-1 vibrational band transition and P3 and P4
within the v=3-2 vibrational band transition. The (F».=2, H,=10) flow conditions add
lines at P6 within the v=1-0 vibrational band transition and P6 and P7 within the v=2-1
vibrational band transition. The (F»=3, H,=10) flow conditions add the P8 v=2-1 lasing
line to the (F>=2, H,=10) spectrum. The addition of the higher P branch lasing lines for
the (F.=2, H,=10) and (F>=3, H,=10) flow conditions is consistent with the higher
temperature for these flow conditions that shifts the rotational Boltzman distribution
within the vibrational bands to higher J levels.

The shift to the higher P branch lasing lines can aso be seen in comparisons
between the spectra at different downstream locations for a particular flow condition. For
instance, the relative height of the P5 v=1-0 transition line increases for the (F2=1, H,=5)
flow conditions as the optical axis is moved downstream while the relative height of the
P3 v=1-0 trangition line decreases. Similarly the relative intensity of the P5 v=2-1
transition line increases while the relative intensity for the P3 v=2-1 decreases. Similar
streamwise trends are also evident for the other flow conditions. Thisis presumably the
result of the rotational Bolztmann re-distribution within the vibrational levels caused by

the streamwise temperature rise.
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Figures 5.89, 5.90 and 5.91 show the intensity saturation (I-Sat) curves for the
(F2=1, Hy=5), (F>=2, H»=10) and (F>=3, H»=10) flow conditions, respectively, at severa
different downstream locations. For all three flow conditions and at all downstream
locations the maximum power was achieved with the maximum available outcoupler
reflectivity of 95% (i.e., 5% outcoupler transmittance). Further increasesin outcoupler
reflectivity would have likely increased the output power. The high outcoupler
reflectivity required to achieve maximum power is an indication that the optical losses
are small compared to the small signal gain. Neglecting optical losses, the fundamental

small signa gain is estimated by the threshold gain:

- I(RR,) 5

go » gth - 2'—9

where Ry is the reflectivity of the Max R and R; is the reflectivity of the OC mirror at
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Figure5.89 Intensity saturation curve at several downstream locations for the (F»=1,
H,=5) flow conditions.
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Figure5.90 Intensity saturation curve at several downstream locations for the (F>=2,
H>=10) flow conditions.

Power (W)

20 T

10 A

—@— 2.7 cm from NEP
~8— 3.7cm from NEP
—&— 4.7cm from NEP
~0— 6.7cm from NEP
=&— 8.7cm from NEP

OC transmitance (1-Ry) (%)

Figure5.91 Intensity saturation curve at several downstream locations for the (F»=3,
H,=10) flow conditions.
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which the system just barely lases. R; was estimated from Figures 5.89, 5.90 and 5.91 for
each set of flow conditions at each downstream location to within + 5% of the actual
threshold OC reflectivity. The spectra of the fundamental outcoupled beam were taken at
each OC reflectivity and downstream location for al three flow conditionsin order to
determine which of the many different transitions that lase when operating at full power
is associated with the small signal gain measured at threshold.

Figures 5.92, 5.93 and 5.94 show examples of the outcoupled fundamental spectra
for the (F2=1, H»=5), (F»=2, H»=10) and (F»>=3, H»=10) flow conditions, respectively,
taken with the optical axis 4.7 cm downstream of the NEP for three different OC
reflectivities. The lower panel in these three figures represents the spectra taken with the
lowest OC reflectivity that lased for each flow condition. Therefore near threshold the
dominant transition is P3 v=2-1 for the (F»>=1, H»=5) and (F»=2, H»,=10) flow conditions
and P4 v=2-1 for the (F»=3, H,=10) flow conditions at the 4.7 cm downstream location.
The streamwise temperature rise for all the flow conditions does not appear to be great
enough to alter the dominant transition so all the small signal gains estimated from the |-
Sat curves at the different streamwise locations in Figures 5.89, 5.90 and 5.91 are
associated with the same transitions determined at the 4.7 cm downstream location from
Figures 5.92, 5.93 and 5.94.

One may notice that the transition that dominates at threshold is not the same
trangition that dominates at the full power conditions (i.e., Ri=95%). For example the P4

v=1-0 transition dominates the full power spectrum of the (F>=1, H,=5) flow
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Figure5.92 Fundamental multi-lasing spectra for the (F,=1, H»=5) flow conditions at
optical axis positions 4.7 cm downstream of the NEP for OC reflectivities of 95%, 70%
and 50%. The intensity of each lasing line is scaled relative to the most intense line at

each downstream location
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Figure 5.93 Fundamental multi-lasing spectra for the (F,=2, H,=10) flow conditions at
optical axis positions 4.7 cm downstream of the NEP for OC reflectivities of 95%, 70%
and 50%. The intensity of each lasing line is scaled relative to the most intense line at

each downstream location
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Figure 5.94 Fundamental multi-lasing spectra for the (F,=3, H,=10) flow conditions at
optical axis positions 4.7 cm downstream of the NEP for OC reflectivities of 95%, 70%
and 50%. The intensity of each lasing line is scaled relative to the most intense line at
each downstream location
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conditions for Ri=95% (Figure 5.92) compared to the P3 v=2-1 transition that dominates
at threshold for Ry=50%. This could be caused by the complex interaction that occurs
between the stimulating radiation field and the populations of the various ro-vibrational
energy levels under heavily saturated conditions. For instance, lasing on the P3 v=2-1
transition will add to the population of the v=1 J=3 energy level thus increasing the gain
of the P4 v=1-0 transition created by the cold pumping reaction. Subsequent
redistribution of rotational levels within the vibrational bands through collisional
processes may also play arole in determining the dominant lasing transition under
saturated conditions.

Figure 5.95 shows the fundamental small signal gain for the dominant threshold
transition as a function of streamwise location for the (F.=1, H»=5), (F.=2, H»=10) and
(F2=3, H,=10) flow conditions. The maximum small signal gain for the (F,=2, H,=10)
and (F,=3, H,=10) flow conditions is approximately 12% cni' and occurs 3.7 cm
downstream of the NEP. It should be noted that although these two flow conditions have
the same maximum small signal gain they have different dominant threshold transitions.
The maximum gain for the (F2=1, H,=5) flow conditions is approximately 9% cnmi* and
occurs 4.7 cm downstream of the NEP. These measurements are in good agreement with
previous small signa gain measurements from similar devices (Sentman et al. 1999z,
Sentman et a. 1999b). As expected these fundamental gains are about a factor of 100
greater than the measured overtone small signal gains. The general trends in the
streamwise distribution of the fundamental gains between these three flow conditions

compare well with the trends of the overtone gains shown in Figures 5.17 and 5.18.
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Figure5.95 Fundamental small signal gain determined from the I-Sat curves shown in
Figures 5.89, 5.90 and 5.91 for the dominate threshold transition of the (F,=1, H,=5),
(F2>=2, H»,=10) and (F>=3, H>=10) flow conditions shown in Figures 5.92, 5.93 and 5.94.
The dominant threshold transition is P3 v=2-1 for the (F,=1, H,=5) and (F»=2, H,=10)
flow conditions and P4 v=2-1 for the (F»,=3, H>=10) flow conditions. Error bars represent
a 5% uncertainty in the threshold outcoupler reflectivity.
However, it is difficult to determine from these figures whether the fundamental gain
should be compared to the peak or centerline overtone gain.

A spatially uniform gain medium would lase on the lowest order spatial mode at
threshold, which for a Gaussian beam is designated as TEM oo and lies along the optical
axis (Verdeyen 1995). Under these conditions the small signal gain determined by the |-
Sat curves would correspond to the gain at the vertical center and at the downstream
location of the optical axis. However, the gain medium in this case is not uniform and the

gpatial mode that lases at threshold instead corresponds to the mode with the largest gain

to lossratio. This spatial mode is likely to include the region near the vertical peak gain.
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The gain determined from the I-Sat curves then corresponds to the average gain over this
gpatial mode. Figures 5.96, 5.97 and 5.98 show the measured fundamental small signal
gain for the (F,=1, H>=5), (F,=2, H,=10) and (F»=3, H»=10) flow conditions,
respectively, along with the corresponding predicted centerline and peak small signal
gain. Closeto NEP, before the predicted peak gain reaches the vertical centerline, the
measured gain in generd for al three flow conditions lies between the predicted peak and
centerline gains. The streamwise gain distribution downstream of the maximum
measured gain also agrees well with the predictions for all three flow conditions. This
suggests that the measured fundamental gain represents an average gain over aregion
that includes the peak and centerline gains upstream of the location where the peak gain
reaches the centerline. Downstream of this location the measured fundamental small

signal gain appears to approximate the centerline gain fairly well.
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Figure5.96 Measured and predicted P3 v=2-1 fundamental small signal gain asa
function of streamwise location for the (F,=1, H,=5) flow conditions.
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Figure5.97 Measured and predicted P3 v=2-1 fundamental small signal gain asa
function of streamwise location for the (F,=2, H,=10) flow conditions.
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Figure 5.98 Measured and predicted P4 v=2-1 fundamental small signal gain asa
function of streamwise location for the (F,=3, H,=10) flow conditions.
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Figures 5.99 and 5.100 show the predicted fundamental (P3 v=2-1) and overtone
(P3v=2-0) peak gain and centerline gain, respectively, for the (F,=2, H,=10) flow
conditions. In these figures, each gain curve is normalized by its maximum. The
computer code input parameters are the same as those used to achieve good agreement
between the predicted overtone gain profilesin Section 5.4.4. The streamwise locations
at which the maximum fundamental and overtone peak gains occur in Figure 5.99 are
quite smilar. The streamwise locations at which the maximum centerline gain occurs in
Figure 5.100 are also quite similar. The streamwise distributions of the peak gain and
centerline gain upstream of their maximum locations are also nearly identical. However,
the gain distribution downstream of the maximum gain locations decreases significantly
faster for the overtone gain than for the fundamenta gain.

Downstream of the maximum gain location the V-V deactivation reactions begin
to dominate the kinetics and work to redistribute the vibrational energy into a
monotonically decreasing distribution according to Boltzmann statistics. Even at the
extremely high vibrational temperatures (Tyip ~ 10,000 K) created by the cold pumping
reaction, the Boltzmann distribution places most of the HF population in the vibrational
ground state (v= 0). This has a much more detrimental effect on the overtone (v = 2-0)
population inversion than on the fundamental (v = 2-1) population inversion. Therefore,
the difficulties encountered when attempting to extract optical energy from the gain
medium using the fundamental transitions will be compounded when attempting to use
the overtone transitions. HF lasers designed specifically to operate on the overtone
transitions must take this into account. Particular consideration must be placed on

mixing,

228



10 1

08 A

0.6 -

normalized peak
smdl signa gain

04 A

—— overtone
02 - —— fundamental

0.0 T T T T 1

distance from NEP (cm)

Figure5.99 Streamwise distribution of the predicted overtone (P3 v=2-0) and
fundamental (P3 v=2-1) peak gain for the (F,=2, H,=10) flow conditions. Gains are
normalized to their respective maximum peak values.
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Figure5.100 Streamwise distribution of the predicted overtone (P3 v=2-0) and

fundamental (P3 v=2-1) centerline gain for the (F,=2, H,=10) flow conditions. Gains are
normalized to their respective maximum centerline values.
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which is even more critical in the HF overtone laser than in the HF fundamental laser due
to the shorter streamwise gain distribution. The faster deactivation of the overtone
population inversion is also likely to drive the overtone laser designs to high Mach

numbers and lower cavity pressures.
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56 Saturated Gain

Throughout this thesis the assumption of rotational equilibrium has been made
based on the recommendation of Manke and Hager’s (2001) HF kinetics review that
showed the rotational relaxation rate constants were orders of magnitude faster than the
vibrational deactivation rate constants. The extremely fast rotational relaxation reactions
enforce a Boltzmann distribution on the rotational levels within a given vibrational band
maintaining equilibrium between the rotational and trandational degrees of freedom.
While this is undoubtedly the case under small signal gain conditions, questions remain
about whether or not the rotational equilibrium assumption holds under saturated lasing
conditions. In fact numerous reports over the years of HF laser research have grappled
with thisissue (Cohen et a. 1986; Kwok et al. 1985; Manke and Hager 2001; Mirels
1988). The Manke and Hager kinetics review did not consider HF rotational relaxation in
an active chemical laser medium, where the stimulated emission processes could
conceivably lead to a nonequilibrium rotational distribution, particularly if the stimulated
emission lifetime is significantly shorter than the rotational relaxation lifetime.

The observation of multi-line lasing in acw HF laser, as shown in Section 5.5, is
the principal evidence that supports the presence of rotational nonequilibrium. Laser
theory predicts that a spatially homogeneous gain medium with a simple Fabry-Perot
resonator can only produce a single lasing line per inverted vibrational energy band if the
rotational levels remain in a Boltzmann distribution while saturated (Verdeyen 1995).
However, according to a well-documented review of the rotational nonequilibrium
phenomenon by Cohen et a (1986), severa factors could account for the observation of

multiline lasing. For example, it has been postulated that if the spatia optical modes of
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the laser do not fill the entire gain volume or if the HF laser medium is inhomogeneous
(i.e., the laser has a non-uniform flow field), multi-line output could result. However,
according to the HF laser modeling community, only models that include rotational
nonequilibrium are able to reproduce multiline lasing (Cohen et al. 1986; Sentman 1975;
Sentman et al. 1989a; Sentman et al. 1984; Skifstad and Chao 1975). In addition,
models that allow rotational nonequilibrium are more successful at predicting HF laser
performance than those that assume rotational equilibrium (Cohen et a. 1986; Sentman
1975).

Unfortunately, the models used to reach these conclusions include some important
caveats and limitations that reduce their ability to decisively demonstrate the presence (or
absence) of rotational nonequilibrium. For example, Sentman and co-workers (1975;
1977) have published computational results which (though state of the art at the time)
claimed that rotational nonequilibrium is the only way to reproduce multiline lasing in a
CFD model. Additional theoretical and experimental work from Sentman’ s laboratory
examines the role of time dependent oscillationsin a cw HF laser that uses an unstable
resonator (Sentman 1978; Sentman et al. 1985). Again, they found that the incorporation
of rotational nonequilibrium was essential to predict and model the oscillations they
observed in their chemical laser flows. Notably, they showed that “the amplitude of the
fluctuation was determined by the fraction of the resonator filled by the saturated gain
zone of the oscillating line and the frequency of the oscillation was determined by the
resonator magnification.” (Sentman 1978; Sentman et al. 1989a; Sentman et al. 1985)
However, many of these models assumed a constant temperature, premixed flow.

Obviously, these approximations deviate significantly from the characteristics of real HF
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lasers. In addition, some of the calculations used a Fabry-Perot resonator model to
extract the laser energy. In the work reported here a stable resonator is used that couples
all regions of the flow in the optical cavity through the symmetry axis that is coincident
with the optical axis. The coupled regions may have significant variations in local
density and temperature. In fact the measurements of Section 5.3 show conclusively that
an HF laser flow field may be highly inhomogeneous in the vertical and streamwise
directions. The magnitude and location of gain was determined by mixing and local
temperature variations on the order of 50 — 100 K were found in the flow. Even larger
temperature and density gradients may exist in larger scale, high Mach number,
combustion driven HF lasers. It isnot clear that the conclusions and predictions of
previous modeling work that assume a constant temperature, premixed flow are
applicable to real HF laser experiments where the flow is anything but homogeneous. It
is also unclear that the conclusions and predictions based on Fabry-Perot and confocal
unstable resonator designs are applicable to our stable resonator |aser.

Finaly, all of the previous modeling work has been performed with kinetic
models that include erroneous or out-of-date rate constants for many important processes.
Most important to the present case are the values used for the state-to-state rotational
relaxation rate constants. In lieu of actual measurements (which were published between
1981 — 1989, 5 — 15 years after some of the initial work on this subject (Copeland and
Crim 1983; Copeland and Crim 1984; Copeland et al. 1981; Haugen et al. 1984; Taatjes
and Leone 1988; Taatjes and Leone 1991) investigators have made various
approximations in an effort to estimate the multitude of state-to-state rotational relaxation

rate constants necessary to produce and support arotational nonequilibrium model that
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tracks each HF(v,J) state independently (Hough and Kerber 1975; Sentman 1975;
Sentman 1977; Skifstad and Chao 1975). In all cases, the approximation is essentially a
variation of the exponential energy gap model developed by Polanyi and Woodall
(Polanyi and Sloan 1972). Crim, Leone, and others, however, have shown that the
scaling laws that rely solely on energy gap arguments underestimate the rotational
relaxation rate constants for high Jlevels by more than 2 orders of magnitude (Copeland
and Crim 1984; Haugen et al. 1984) in some applications. Improved predictions of
rotational relaxation rate constants generally require scaling relations that are based on
the energy corrected sudden approximation (DePristo et a. 1979; DePristo and Rabitz
1979) or other methods which include effects related to scattering theory. At least one
theoretical treatment of Crim’s and Leone’ s rotational relaxation data predicts very large
rate constants (k 3 10°*° cm® molecule™ s1), even for v = 2, J= 20 (Bollati et al. 1985;
Bollati et al. 1988). Additional updates to the HF laser kinetics model that post-date most
modeling work have been described in detail elsewhere (Manke and Hager 2001).
Figure 5.101 showsthe P1, P2, P3, P4 and P5 v=2-0 overtone gain under small
signal conditions and while lasing on the fundamental transitions with an outcoupler
mirror reflectance, Ri=80% (Manke et al. 2003). All of this data was collected with the
probe beam directed at a slight angle along the optical axis 2.7 cm downstream of the
NEP and approximately 3.0 mm above the vertical centerline for the (F>=2, H,=10) flow
conditions. With R;=80% and the optical axis 2.7 cm downstream of the NEP the laser
produced 36 W of power with the fundamental multi-line spectrum shown in Figure

5.102. Outcoupling fundamental power lowered the gain on the P3 transition from a
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small signal value of 0.14% cmi™* to 0.026% cmi*. This 80% drop in gain indicates a high
level of saturation

and represents a significant change to the populations of the v=2 and v=0 energy levels.

The gain of an individual ro-vibrational transition, g(v) is defined as:

é g, u
Juer (Vo) =S e (Vo)_é_PJuNu -—PyNig (5.5)
e u

|
where s (V) is the stimulated emission cross section, gy and g are the degeneracies of the
upper and lower energy states, N, and N; are the populations of the upper and lower

vibrational states and Py, and Py are fractional populations of individual ro-vibrational
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Figure5.101 P1, P2, P3, P4 and P5 v=2-0 overtone gain distribution under small signal
gain conditions (R;=0%) and saturated conditions (R;=80%). Data was taken 2.7 cm
downstream of the NEP and 3.0 mm above the vertical centerline for the (F,=2, H,=10)
flow conditions. The solid curves represent a least squares curve fit to a rotational
equilibrium gain distribution with corresponding temperatures of 277 K and 164 K for
R;1=0 and 80%, respectively. The dashed lines represent curve fits while holding the
temperature fixed at £20% of the temperature determined from the least squares fit.
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Figure5.102 Fundamental output beam spectrum for the (F,=2, H,=10) flow
conditions with optical axis positioned 2.7 cm downstream of the NEP for R;=80%.
states in the upper and lower vibrational levels, respectively. For rotational equilibrium
to hold, the rotational levels within the upper and lower vibrational manifolds must be
populated according to Boltzmann statistics:

'ng
g e KT

PJ
Qrar(T)

(5.6)

where Qot(T) is the temperature dependent rotational partition function of the upper or
lower vibrational energy levels. Substituting Equation (5.6) into Equation (5.5) gives a
expression for the transitiona gain distribution in terms of the upper and lower

vibrational populations and the temperature:
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If the rotational energy levels within the upper and lower vibrational manifolds are in
equilibrium then all the overtone gains shown in Figure 5.101 should be described by
Equation (5.7) with the same values for Ny, Ny and T. The solid curvesin Figure 5.101
represent least squares fits of the P(1) — P(5) experimental overtone gain data using
Equation (5.7). The curve fits show excellent agreement with the overtone gain data and
predict temperatures of 277 and 164 K for the Ri=0 and 80% cases, respectively. The
ability to apply a single temperature Boltzmann or equilibrium distribution to the
overtone gain data both with and without the presence of laser oscillation on the
fundamental band suggests that the v = 2 and v = 0 manifolds are in rotational
equilibrium. If asimulated gain distribution with a perfect equilibrium rotational
distribution is perturbed by aslittle as £ 25 % on a single line, attempts to fit the data to
Equation (5.7) will fail. However, since the curve fit values of Ny, N; and T are not
unique (i.e., several combinations of Ny, N; and T will give good fits), this method is not
well suited for precise determinations of the temperature. Hence, the estimated error
bars for the temperatures derived from fitting the data with Equation (5.7) are large
(x20%). The dashed linesin Figure (5.101) represent curve fits using Equation (5.7)
while holding the temperature fixed at +20% of the temperature determined from the
least squares fit.

The temperatures determined from the lineshape analyses of the individual ro-
vibrational gains and the temperature determined from curve fitting Equation (5.7) to the

rotational gain distributions are summarized in Table 5.9 and shown in Figure 5.103 for
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several OC reflectivies. The upper and lower vibrational level populations determined

from the curve fits are also listed in Table 5.9. The trandational temperature is given by

the average value from the 5 observed lines with error bars of + 1 standard deviation.

The rotational temperature indicates the temperature that gave the best fit with Equation

(5.7) with an estimated error of +20%. The error of the temperature determined from the

lineshape analysis increases significantly as the OC reflectivity increases due to the

significant drop in overtone gain caused by the higher saturation condition. The

trandation and rotational temperatures are in fairly good agreement at all OC

reflectivities and show a general trend of decreasing temperature as OC reflectivity

increases.

While the present results make a persuasive case for rotational equilibrium in this

cw supersonic HF laser flow, the fundamental question concerning the origin of multi-

line lasing remains unanswered. In the limit of infinitely fast rotational relaxation, the

output of a molecular laser should be limited to a single ro-vibrational transition per

vibrational band. The combination of “slow” stimulated emission and “fast” rotational

relaxation should produce a steady state condition where the entire ro-vibrational

Table5.9 Results of lineshape and saturated gain data analysis.

Rty Te(F Twkp R0 RGO

%

(0) 287+ 14 277 £ 55 4.7 2.2
50 188 + 50 177+ 35 2.8 2.6
60 229 + 18 214 + 43 2.3 0.9
70 206 + 29 163+ 33 1.7 1.3
80 173+ 45 164 + 33 1.1 1.7
90 223 + 100° 144 + 29° 0.1 0.7

& Average value with 1 standard deviation from lineshape analysis of 5 observed lines.
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b Begt fit to saturated gain data, see Figure 5.101. Error bars are +20%.
¢ The 90% outcoupler data was extremely weak and only 3 lines were analyzed.
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outcoupler reflectivity, R, (%)

Figure5.103 Temperature as afunction of OC reflectivity for the (F.=2, H,=10) flow
conditions 2.7 cm downstream of the NEP and 3.0 mm above the vertical centerline.
Graphical representation of results presented in Table 5.9.

manifold of agiven vibrational band is drained via stimulated emission through the
transition with the highest gain. Thisisrigoroudly true for devices with completely
homogeneous gain media and lasers with Fabry-Perot resonators, where communication
between upstream and downstream regions of the flow does not occur. According to this
model only a change in the gas temperature, which changes the most populated rotationa
state, is able to change the active laser line.

In fact, it has been suggested that temperature gradients and local inhomogeneities

in the gas phase medium region defined by the laser resonator could be responsible for
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the multiline output of HF lasers (Cohen et al. 1986). This hypothesisis somewhat
problematic because a very large temperature gradient is required to account for the
diversity of HF laser lines observed. For example, in thev = 2 vibrationd level the
Boltzmann distribution is at its maximum of J= 2 for a wide temperature range of T =50
— 210 K. A single quantum change to a peak population in J= 3 is reasonable since 220
< T <500 isnecessary. Small variations or perturbations from the equilibrium
distribution may contribute to some of the spectral diversity that is observed. However,
the observation of P(6) linesis puzzling given that temperatures in excess of 900 K are
necessary to make J = 5 the most populated rotational state in v =2 and thereisno
evidence for such a high temperature in our device.

Finally, care must be taken when applying the results of this section, which were
specifically derived for a small-scale experimental HF laser, to the flow conditions of a
large-scale combustor-driven device. Large-scale devices are likely to have significantly
higher gain, temperature and concentration gradients. In addition, longer path length
devices that use nozzle banks could have significantly shorter stimulated emission
lifetimes than the device investigated here. A shorter stimulated emission lifetime could
alter the apparent balance between rotational relaxation and stimulated emission

discovered here and change the saturation dynamics within the laser flow field.
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Chapter 6

Conclusions

The overtone small signal gain measurements made in this investigation of a
small-scale supersonic HF laser show that the gain distribution is highly inhomogeneous
in both the vertical and streamwise directions. The inhomogeneity is the result of
inefficient mixing between the fuel (H) and oxidizer (F atom) flow streams created by a
combination of nozzle injection geometry and laser cavity flow properties. The shallow
Ha injection angle limits the penetration of the near field reaction zone while the low
cavity density and corresponding low Reynolds number result in a highly viscous flow
field in which molecular diffusion is the dominant mixing mechanism.

Large increases in H, injection flow rate and excess F, flow in the laser cavity
appear to have only minor effects on the streamwise gain distribution. The most
significant increases in gain come from increases in F atom concentration, which were
limited in this test series by discharge tube performance. Large increases in overtone
gain can therefore be expected for high pressure combustor-driven lasers which eliminate
much, if not al, of the primary He diluent flow. The HF absorption measured in the base
relief region means there is a significant amount of recirculating HF and may indicate
that the base relief region is too large for this low concentration system. Reducing or
even eliminating the size of the base purge region would reduce the amount of absorbing
molecules in the optical beam path and could prove very beneficial, particularly for
nozzle bank laser systems.

Premixed computer modeling predictions of this HF laser system have shown that

the flow system kinetics are dominated by the cold pumping reaction and the HF V-V
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energy transfer reactions. All other reactions appear to play a minor role in the predicted
streamwise gain distribution for these flow conditions. Unfortunately, large uncertainty
in the V-V energy transfer reaction rate constants creates large uncertainty in the
predicted gain. The need for reliable V-V rate constants to the HF laser modeling
community is paramount. However, constructing an experiment that isolates individual
HF V-V reactions with anything other than the ground state is nearly impossible. The V-
V rate constants for two vibrationally excited HF molecules are therefore likely to remain
the result of extrapolation from a limited number of measured HF(v)+HF(0) rate
constants.

Another major question that remains regarding HF laser kinetics is choosing
between the two competing theories concerning the principal reaction path for the
reaction of H atoms with vibrationally excited HF for v = 3. Thetheory of Bartoszek et
a (1978) states that the principal reaction path is reactive quenching which creates H,
and F atom through the reverse cold pumping reaction:

HF(v)+H® F+H,

However, Bott and Heidner (1977) attribute the loss of HF(v = 3) to the deactivation
reaction:

HF(v) +H ® HF(v- 1) +H
Since the reported rate constant of the deactivation reaction for v = 3 islarger than the
cold pumping reaction into v = 3, this reaction in essence takes all the HF(v = 3) created
by the cold pumping reaction and places it into HF(v = 2). The inclusion of the
deactivation reaction in the 2-D computer model used in this investigation raised the

predicted overtone small signal gain by approximately 25%. To resolve this conflict, Dr.
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Heidner (2003) suggests a re-evaluation of the data presented in his original paper using
the latest updates of the cold pumping reaction rate constant and equilibrium constant. A
new experimental investigation in which both the creation of HF(v = 3) and loss of HF(v
= 2) would aso be useful.

Inclusion of ak-e turbulence model in the 2-D computational fluid dynamics code
has an insignificant effect on the predicted streamwise gain distribution at the vertical
peak gain location but does have a noticeable effect on the predicted gain at the vertical
centerline. The small mixing enhancement produced by introducing turbulence into the
highly viscous flow field dightly increases the predicted F atom utilization. This modest
increase in F atom utilization does however produce a significant increase in the
maximum vertically averaged gain. The level of turbulence in the actual laser flow field
isunknown. However this computational exercise did show the beneficial effect even
small increases in mixing can have on laser performance and that there is likely alarge
number of unreacted F atoms in the flow far downstream of the NEP.

The results of comparisons between two separate modeling injection schemes
(i.e., imesh=2 and imesh=3) and the measured gain profiles indicate that the injected H,
flow stream is surrounded on both sides by F atoms from the primary laser flow. The F
atoms are presumably transported from the region near the vertical centerline to the
region between the injected H, flow stream and the nozzle wall by large-scale vortex
structures created by the H, injection dynamics. The complex injection dynamics are
modeled by merely re-distributing the F atom flow at the NEP which appears to
adequately predict the near and far field vertical gain profiles. This suggest that the

large-scale vortex structures dominate the near field mixing, where they are modeled in a
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very crude way, but their dominance diminishes in the far field where no modeling
attempt is made. The F atom re-distribution results in an additional reaction zone on the
side of the H, flow stream away from the vertical centerline, which increases the F atom
utilization and the maximum vertically averaged gain. Increasing the injection angle of
the H, jet with respect to the nozzle wall might increase vortex strength providing better
mixing and consequently higher F atom utilization and higher average gain. However,
the corresponding loss of streamwise momentum caused by the increased injection angle
would lower the Mach number and compress the streamwise gain distribution making
power extraction more difficult.

The 2-D computer model used to help interpret the measurements consistently
overpredicted the overtone gain. Severa input parameters were systematically changed
in an effort to discover which parameters had the most significant effect on the predicted
gain. Theresults of this exercise showed that increasing the HF V-V energy transfer rate
constants was the only computer model input parameter that reduced the predicted gain to
the level of the measurements while maintaining the proper streamwise gain distribution
trends. A factor of 3.25 increase in al the HF V-V rate constants decreased the predicted
maximum small signal gain by amost 60%. Thisisarelatively small change for arate
constant, particularly for one that has not been experimentally determined, that illustrates
the sengitivity of the overtone gain to V-V energy transfer. The fact that the 2-D code
predicts the general streamwise trends of the flow field fairly well indicates that the flow
field can reasonably be considered two-dimensional and that molecular diffusion is the
dominant mixing mechanism in the laser cavity. The biggest benefit of employing a 3-D

computer code would likely be in the modeling of the highly three-dimensional injection
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process. However, even with afully éliptic 3-D CFD code, the magnitude of the
predicted gain will still only be as good as the rate constants used to represent the
chemical kinetics of the system.

There are two main conclusions to all of the data-model comparisons performed
in thisthesis. The first is that mechanisms influencing reactant mixing (i.e., turbulence
and large-scale vortex structures) have a profound effect on the gain averaged in the
vertical direction but an insignificant effect on the maximum system gain or the peak gain
at aparticular streamwise location. Effective mixing increases F atom utilization by
quickly transporting fuel to the vertical centerline thereby producing a more
homogeneous gain medium. The second main conclusion is that the maximum gain of
the laser system is dominated by the system chemical kinetics. The kinetics are defined
by the reaction rate constants and reactant concentrations. Therefore

to achieve higher peak gains the system must be operated at higher reactant
concentrations and higher pressures. However, the resulting higher HF(v) concentrations
will also increase the rate of reaction for the V-V energy transfer reactions, which will
compress the streamwise gain distribution. High gain systems therefore require high
Mach number nozzles with small throat sizes that have represented serious engineering
challenges in the development of fundamental HF laser systems. Development of high
gain overtone laser systemsis likely to further complicate these engineering challenges.
This is because the Boltzmann distribution enforced on the initialy inverted vibrational
energy levels by V-V energy transfer has a much more detrimental effect on the overtone
(v = 2-0) population inversion than on the fundamental (v = 2-1) population inversion.

Thiswill compress the streamwise gain distribution even more and drive HF overtone
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nozzle designs to higher Mach numbers with small throat sizes and increase the
importance of reactant mixing.

Finaly, the distribution of rotational statesin the main flow of a small-scale HF
laser has been measured directly for a variety of conditions. In al cases, the distribution
appeared to be Boltzmann. These observations challenge the conventional view that HF
lasers are characterized by nonequilibrium distributions among rotational levels. It is
clear that resolution of the occurrence of multi-line lasing in supersonic HF lasers
requires further study. Experimentally, a particularly useful measurement would be to
gpatially resolve the small signal gain (fundamental and/or overtone) in the streamwise
direction, within the region defined by the resonator, while the laser is operating. This
could be accomplished by passing the gain probe beam through the laser cavity
orthogonal to both the laser optical axis and the streamwise axis. This type of
measurement would be critically dependent upon adequate purging of the base region to
remove adventitious ground state absorption. In the presence of alaser cavity extracting
energy from the flow, a substantial temperature change or large, highly localized,
inhmogeneities should be observed. It would aso be interesting to observe how the
output spectra are affected by extracting power from the laser cavity with an optical
aperture that eliminates the base purge region from the active lasing medium. On the
computational front, time-dependent 3-D models should be employed to assess the
likelihood, magnitude, and effect of large temperature gradients in supersonic chemical
HF laser flow fields. However, the inclusion of a multi-line lasing model in afully 3-D
elliptical computational fluid dynamics code represent a serious challenge to the model

community.
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